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EXECUTIVE SUMMARY

Increased anthropogenic nutrient loading and thsexguent eutrophication of coastal
ecosystems is a growing ecological and economioleno both in the United States and
globally. Eutrophication can result in a rangeeoblogical impacts including hypoxic
conditions, fish kills, loss of submerged aquaggetation (SAV), degraded benthic conditions,
harmful algal blooms, and detrimental increasdseinthic macroalgae. The nature and severity
of the impacts vary with the level of nutrient loagias well as with the estuary type and
regional drivers.

One tool to help address this problem is the dgreént of classification schemes to allow
researchers and managers to extrapolate resuttsaflomited number of well-studied estuaries
to the larger domain of estuaries within the satassc Several estuarine classification schemes
have been developed based on different approacidesrapoints. However, the ecological
reality of these classification schemes for thefRaldorthwest (PNW) is not clear, in part,
because of the limited baseline information avédab evaluate the schemes. Additionally, the
available information gives “mixed messages” awhether eutrophication is occurring in the
coastal PNW estuaries. Dissolved oxygen levelgianerally high and chlorophylis

moderate to low, indicating a non-eutrophic comaiti However, nutrient loading is high and
within the range of eutrophic estuaries on the Eastst. Additionally, benthic macroalgal
blooms, which have been used as a diagnostic itwdioheutrophication in other parts of the
world, are a seasonal event in the PNW.

To help determine the extent of eutrophication,Rheific Coastal Ecology Branch (PCEB) of
the Western Ecology Division (WED) initiated a ddigation study of PNW estuaries. The
PNW was defined as including the coastal estuémoes Cape Mendocino in Northern

California (40.440°N) to Cape Flattery in Washing(d8.383°N). Puget Sound was not
included in the present study. Two different apytes were used. The first component of the
research focused on a landscape analysis usininexata for the entire PNW. An inventory

of all of the PNW estuaries was generated basdatlenccurrence of estuarine habitat as defined
by the National Wetland Inventory (NWI), and alltbé associated watersheds were delineated.
The PNW contains a surprisingly large number afi@$es, a total of 103 based on the present
NWI analysis. However, most of these estuariesarall, <1 kn, and only 13 of them are

>10 knf. These PNW estuaries appear to break out intensgeneral types based on
geomorphology, oceanic exchange, and riverine émite: coastal lagoons, blind estuaries,
tidally restricted coastal creeks, tidal coastak&s, marine harbors/coves, drowned river mouth
estuaries, and bar-built estuaries. The firstalufethese have restricted connection with the
ocean on at least a periodic basis, and are paligntulnerable to anthropogenic nutrient
additions and watershed alterations. Conversedyntarine harbors/coves have extensive
flushing and are presumably less sensitive to eith&ient enrichment or watershed alterations.
The drowned river mouth estuaries are sub-dividéal ide-dominated, moderately river-
dominated, and highly river-dominated systems basetthe extent of estuarine area or volume
weighted freshwater flow. Because of potentialhler exchange, the river-dominated estuaries
may be less sensitive to nutrient enrichment.
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Geomorphology by itself did not cleanly separateugs with similar vulnerabilities among the
remaining 31 tide-dominated river mouth estuariegr-dominated river mouth estuaries, and
bar-built estuaries. One approach taken to idegtibups of estuaries was to evaluate spatial
and temporal salinity patterns based on histodeth as well as a “normalized freshwater
inflow” index we developed. This index ranks esiemby the relative amount of freshwater
entering the systems, and was used as a quarditgiproach to separating tide- versus river-
dominated estuaries. Another approach was to aimdultivariate analyses to examine the
biotic and watershed similarities among the renmgjrd1 estuaries. The estuaries were clustered
based on the patterns of wetland habitats fronNgiteonal Wetland Inventory (NWI) and
independently on land cover patterns in the asteti@atersheds. Several different
classifications were produced as well as a “croisvietween the two classifications to
determine which estuaries were grouped togethieotin analyses. Six pairs of estuaries were
similarly classified based on both wetland and leaoder patterns, and these estuary pairs
potentially could form a framework for developingpéogically relevant nutrient criteria for the
PNW.

The second component of the research was to deaadtgssification scheme based on nitrogen
loading and sources, particularly as it relatetheorelative importance of oceanic- versus
riverine-derived nitrogen. Seasonal coastal upmgefrom approximately April to October is
the major source of nitrogen and phosphorous to#ae-coastal region. Previous research by
PCEB showed that high nutrient oceanic water a@éeeicito the Yaquina Estuary, Oregon was
the major nutrient source in the lower estuarymythe dry season (May to October) and
riverine nutrients (i.e., terrestrially derived) iee¢he dominant nutrient source only in the upper
Yaquina Estuary. In contrast, riverine inputs doatéd through most of the estuary during the
wet season (November to April); however, therétike lutilization of the wet season riverine
inputs due to low solar irradiance and short residdimes associated with high river inflow.
Overlaying the distribution afostera marind.., the native seagrass species, over the spatial
pattern of nitrogen sources identified oceanic is@s the major source for the bulk of the SAV
population in the Yaquina Estuary during the drgssm.

To determine the generality of this pattern obsgimehe Yaquina Estuary, field studies were
initiated in seven target estuaries spanning agrahgizes (2.0 kfto 54.9 knd) - Alsea, Coos,
Nestucca, Salmon River, Tillamook, Umpqua Rived daquina. We focused the field studies
on the dry season (May to October) because thigiprimary period of biological nutrient
utilization. One objective was to use the nitrogearce model developed for the Yaquina
Estuary and site-specific water quality and stédmdéope patterns in benthic macroalgae to
delineate the ocean- and river-dominated segmerasuite of estuary types. Results from this
component demonstrated that advection of high enttocean water was the major nitrogen
source in the lower estuary for the seven targeiess.

The next objective was to determine if the SAV dapans and populations of other key
estuarine resources were primarily exposed to ea@atver-derived nutrients. Five biotic
endpoints were evaluated, three primary produeas two secondary consumers. The major
focus was on the perennial, rooted aquatic seagrasaring which was evaluated both by field
surveys and by aerial photography. In additiod.tmaring probabilistic field surveys
evaluated the abundance and distributions of tvditiadal benthic primary producers, the
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nonindigenous seagragsstera japonicdschers. & Graebn. and benthic green macroalgae.
The secondary consumers evaluated were two burgostinmp,Neotrypaea californiensiand
Upogebia pugettensisOne pattern that emerged from comparing acrstsmges was that
macroalgal blooms occurred in all the estuarieggssting that it is a natural phenomenon, while
stable isotope data suggest the presence of thes®abis not an indication of eutrophication.
Another pattern was that the intertidal occurreoicéhe non-native. japonicaexceeded that of
the nativeZ. marinain several of the target estuaries.

Overlaying the spatial distributions of these spe@n the spatial patterns of dry season nutrient
sources showed that the bulk of hemaring benthic macroalgae and both burrowing shrimp
populations occurred in the oceanic segments cieakn estuaries. Thus, for two of the primary
producers, oceanic nitrogen is the dominant soducig the principal growing season.

Likewise for the burrowing shrimp, the bulk of thepulations would primarily be exposed to
oceanic nitrogen during the dry season. Duringrtbeseason, terrestrially derived nitrogen is
the major nutrient source for these estuaries. é¥aw this is a period of low water column
chlorophylla andZ. marinaand macroalgal production suggesting that thiesérally derived
nitrogen is not primarily driving production by gespecies.

The exception to the pattern of the primary prodsioecurring primarily in the lower estuary
was the non-native seagragsjaponica,which was relatively abundant in both the oceamid
riverine segments. Thus, this non-native seagvastd have a higher exposure to terrestrially
derived nitrogen than the native primary producknsng the summer growing season. One
possibility that has yet to be explored is whetber levels of nutrient enrichment stimulate the
growth and establishment of this non-native seagras

The field surveys also evaluated the lower deptlgmaf Z. marinaacross the seven estuaries
and along estuarine gradients. The lower depti towhichZ. marinagrows decreases in the
upper estuary segments, which correlates with argédecrease in water clarity in the upper
segment of the estuaries. With further developtéetiower depth limit oZ. marinacould
potentially be used as an integrative indicatorafsessing decreases in water clarity, as could
occur from nutrient stimulation of phytoplanktoBven though our research indicates that the
current levels of benthic macroalgae are natunateiases in macroalgae coverage or biomass in
the riverine segments could also be used as acaitwdliof nutrient enrichment especially if such
studies were coupled with measurements of stabtess §*°N) to identify the nitrogen

sources associated with the blooms.

Results from our studies and a growing body ofdiigre suggest several key points for the
management of nutrient enrichment in the PNW. tFasvironmental drivers such as coastal
upwelling strongly indicate that regional approacteclassification will be necessary to
generate ecologically relevant groupings. SecBiN)V coastal estuaries are, in general, not
showing indications of cultural eutrophication. diibnally, the majority of the populations of
four of the five biotic resources we evaluated ocediin the oceanic segment of the estuaries,
indicating a lower vulnerability to terrestriallgdved nitrogen. However, anecdotal
observations of phytoplankton blooms in the uptuay segments of a few estuaries suggest
that the riverine segments of estuaries may bereqmeng localized nutrient enrichment. Third,
the development of national estuarine nutrienedatthat do not take into account the naturally
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high nutrient concentrations resulting from upwwglare likely to result in numerous false non-
attainments of criteria in PNW coastal estuari®snilarly, the development of Total Daily
Maximum Loads (TMDLSs) for nutrients also needs ¢éosider the effects of oceanic nutrient
loadings.
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CHAPTER 1: INTRODUCTION AND FRAMEWORK FOR THE
PACIFIC NORTHWEST REGIONAL CLASSIFICATION PROJECT

Henry Lee Il and Walter Nelson

1.0 Scope

As part of the U.S. EPA’s Aquatic Stressors Frantéwd.S. EPA, 2002), a variety of
approaches to the classification of estuarine syst&ith respect to observed or predicted
responses to nutrient enrichment have been examifleid study explores approaches to
classification at a regional scale using distritmsi of submerged aquatic vegetation (SAV),
wetland classes, and other estuarine biologicaluregs as classifying variables for Pacific
Northwest (PNW) estuaries. We also explore whetpatial and temporal patterns of salinity
and nutrient dynamics among PNW estuaries alloto ggsoup them with respect to their
vulnerability to nutrient enrichment. This docurhena revised version of a previous internal
EPA report (Lee et al., 2006), and includes newysea and interpretations based on updated
wetland and salinity data. A companion study (Dettn and Kurtz, 2006) explored the use of
empirical nutrient-SAV load-response models fouases of the New England region as well as
the response of phytoplankton biomass to nutriententrations in a suite of estuaries in the
eastern U.S. Together, these two studies proagesasments of a series of approaches to
estuarine classification that may be of value itirsg national and regional nutrient criteria for
estuaries.

1.1 Problem Statement

Increased anthropogenic nutrient loading and theseguent eutrophication of coastal
ecosystems is a growing ecological and economicleno both in the U.S. and globally (e.g.,
Nixon, 1995; NRC, 2000; Cloern, 2001; Bricker et 2003; Scavia and Bricker, 2006).
Eutrophication can result in a range of ecologiegdacts including hypoxic conditions, fish

kills, loss of SAV, degraded benthic conditions;rhiul algal blooms, and detrimental increases
in benthic macroalgae. The nature and severiti@fmpacts vary with the level of nutrient
loading as well as the estuary type and regionaéds (e.g., Cloern, 2001; Bricker et al., 2003).
Ideally, each estuary would be evaluated indepehdas to the nature and extent of these
impacts and any mitigation/regulatory actions wdwddtailored to each estuary or watershed.
The reality is, however, that there are insufficiesources to conduct detailed scientific studies
on each estuary or to develop estuary-specific wptality criteria or management plans for
every coastal water body. Hence, approaches taeeithis complexity are needed.

One general approach to prediction across a raingater bodies is to use water quality models,
such as Basins (http://www.epa.gov/waterscienceibdmasinsv3.htm) or Sparrow
(http://water.usgs.gov/nawqa/sparrow/). While éhesdels are a powerful approach to making
predictions in the better studied water bodiesy tieguire extensive data input as well as
expertise, reducing their general utility. A dr#at, and complementary, approach is to classify
estuaries that have similar responses to nutriamtienent. If successful, such classifications
allow extrapolation from one estuary to others witihe same class, thereby reducing the
amount of site specific data needed to make enwiemtal decisions. Although lacking the
same level of site specific predictive ability ke tomplex water quality models, classification is
potentially a more practical approach to reduchrgdomplexity inherent in extrapolating across



a range of estuaries, especially for those regiotislimited data. As pointed out by the

National Research Council, “a widely accepted estaalassification scheme is a prerequisite
for a systematic approach to extending lessonadelaand successful management options from
one estuary to another” (NRC, 2000, page 163).

A plethora of classification approaches have bggiied to estuarine systems, with 26 different
classification frameworks identified in the reviéw Kurtz et al. (2006). Two classical
approaches are geomorphic classification, whicksdia@s estuaries as drowned river valleys, bar
built, fjords, and tectonically formed estuariegy(ePritchard, 1955, 1967), and the
hydrodynamic approach, which classifies estuaneshéir circulation patterns and stratification
(e.g., Hansen and Rattray, 1966). Several redtmtsefocused on grouping systems based on
physical attributes which may be relevant to exgimsof nutrient impacts, such as the EPA’s
classification framework for coastal systems (UEBA, 2004a) or the ASSESTS approach to
ranking the eutrophication status of coastal wai@reker et al., 2003). To build upon these
efforts, we initiated a classification researchgpemn focused on PNW estuaries. As described
below, this program was designed around both thengial management uses of an estuarine
classification scheme and the key environmentakedsiin the PNW.

1.2 Regulatory Framework for Estuarine Classificatons

Given the large number of approaches to estualassitication, one of the early questions we
asked was how an estuarine classification schemld be used in a management context,
specifically in relation to the development of wageality criteria or the management of excess
nutrients. That is, we viewed the initial questrmt as “How to classify?”, but rather “Why
classify?” We identified five major approachestelg to the regulation of excess nutrient, as
summarized below. Using this framework and anssseent of the data needs and availability
in the PNW, we focused our research on managerssumnes #2, #4, and #5 listed below.

1) Classification by Current Ecological ConditioA:fundamental management need is
assessing the current condition of coastal watdresowhich is a type of classification when
multiple water bodies are compared. Such a compaias been used to classify near-
coastal water bodies as having “good”, “fair”, @o6r” ecological condition at regional and
national scales in the National Coastal Conditiep®tt (U.S. EPA, 2004b, 2006). Estuaries
can also be compared in terms of their attainmedesignated-use criteria. Classifying
estuaries by their existing ecological conditioquiees: 1) a suite of ecologically relevant
indicator metrics that can be practically measurest a range of different water body types
and 2) field surveys that measure the metricseatfipropriate spatial and temporal scales.

2) Classification by Nutrient Loading and Sourc&stuaries can be classified by nutrient
loadings from non-point, point, and natural sourc€smparison of estuaries by the relative
magnitude of different sources is critical in deyghg effective management strategies to
reduce nutrient loadings (Driscoll et al., 2003)rapre fundamentally, evaluating the role of
anthropogenic versus natural loadings. Specificalbssification by loadings can help
prioritize remediation/enforcement efforts or degelotal Daily Maximum Loads (TMDLS).
The data needed to generate loading/source ctzdsifns include measurements of non-
point, point, and natural loadings across a sditgater body types with loading models used
to estimate missing values. These types of dataiarilar to those needed for a TMDL,; the




difference is that data to classify estuaries riedzk taken over a suite of estuaries though
less extensive data collection per estuary carsbd to classify estuaries compared to what
would be needed for regulatory actions. In additmdata on estuary nutrient concentrations,
classification by loading will usually require data land cover in the associated watershed.
Accordingly, “Landscape conditions (e.g., % covkland uses)” is listed as one of the
recommended core water quality indicators in EP@@uce for Sections 303(d), 305(b) and
314 of the Clean Water Act (http://www.epa.gov/owitomd!/2006IRG).

3) Classification to Derive/Validate Water Qualiyiteria: Comparison of ecological
condition in a suite of estuaries along a nutrgradient is one approach to deriving stressor-
response relationships (e.g., Latimer and Kell@3)0 While more of a “natural experiment”
than a classification per se, the change in eccébgiondition in response to increased
exposure can identify nutrient thresholds. Sudssestuary comparisons can also help to
identify the most sensitive endpoints and diageastiicators of nutrient stress. Perhaps the
greatest limitation of such natural experimenthéspotential, and often unknown,
confounding factors when comparing across estuaNiemetheless, such cross-system
comparisons are a powerful tool in generating didating water quality criteria under
realistic conditions. The necessary requirementhic approach is a suite of “reasonably”
similar estuaries that primarily differ in theirtnient concentrations or loadings. Finding
such a nutrient gradient can be challenging, @®me regions finding a true “reference”
estuary may be difficult while in other regionsding highly impacted estuaries may prove
challenging.

4) Classification by the Resources at Rigkfundamental but often overlooked type of
classification is to categorize estuaries by thaggcal resources at risk. The States
establish designated uses for water bodies a®psiate water quality standards, and nutrient
or other protective criteria are determined to lble 0 meet these specific designated uses.
Given the need to protect designated uses, anai@iwf the resources at risk is an
important early step in the development of a wqtelity criterion, risk assessment, or
mitigation action. An obvious example is the apgiion of nutrient criterion for SAV to
classes of estuaries devoid of SAV, which may l#eunor overprotective of the actual
resources within such systems. More subtletydisigibution of the resource within the
estuary may be a key factor in the exposure ofgbeurce to anthropogenic nutrients or other
stressors. Classifying estuaries by their res@uateisk requires: 1) identification of the
regionally high priority ecological resources; @gntification of how these high priority
ecological resources are distributed within andsestuaries; and 3) evaluation of the
overlap of the resource(s) with anthropogenicadlgivied nutrients or other stressors.

5) Classification by Estuarine VulnerabilityAn approach related to classification by
resources at risk is to categorize estuaries hy ititeerent susceptibility to nutrient
enrichment (e.g., Bricker et al., 2003; U.S. EP@04£a). Identification of groups of estuaries
likely to display adverse impacts at low to modenmatrient concentrations/loadings versus
those that have a higher assimilative capacityasaist managers in prioritizing monitoring,
remediation, or enforcement actions. To the extemitvulnerability is related to regional
drivers, such as climate or ocean conditions, ssdiaation based on vulnerability can serve
as the framework for developing defensible regiavetier quality criteria. Predicting




vulnerability is a complex process requiring coesadion of natural and anthropogenic
nutrient concentrations/loadings, sensitivity af 8pecific endpoint(s), spatial/temporal
overlap of the endpoint(s) with excess nutrientcemtrations, and mitigating or enhancing
factors. In many cases, it will be necessary &owdon data (e.g., dose-response relationships)
from other estuaries or from similar species.

1.3 Overview of Eutrophic Conditions and NutrientDynamics in the Pacific Northwest

Compared to the East and Gulf Coasts, relativélg Ibaseline information on nutrient
enrichment is available for PNW estuaries. Inniest comprehensive national review of
eutrophication, Bricker et al. (2007; also see IBzicet al., 2003) evaluated 138 estuaries across
the U.S., which included 17 coastal PNW estuanetusive of Puget Sound. Nine of these 17
estuaries were considered to have insufficient fitatelassification. Of the remaining eight
estuaries, two were classified as having low elimponditions, six were considered to have
moderate low eutrophic conditions, and none weaassified as having high eutrophic
conditions. Several Pacific estuaries were cleskds having high eutrophic conditions in
central and southern California and in Puget Sobuatlthese are all in different biogeographic
ecoregions than the PNW estuaries (Spalding e2@077).

Water quality data from U.S. EPA’s Coastal Envir@mtal and Monitoring Assessment
Program (EMAP) 1999 and 2000 surveys can also ee tesevaluate water quality on the
Pacific Coast. The 1999 survey sampled the “sneslliaries of California, Oregon, and
Washington while the 2000 survey sampled Puget &dban Francisco Estuary, and main stem
of the Columbia River Estuary. In 200 water qyadiamples from the 1999 survey, the lowest
dissolved oxygen (DO) value was 3.8 rifcahd less than 4% of the area of the small coastal
estuaries had DO concentrations less than 5'nilyélson et al., 2005b), the level indicative of
biological stress (Bricker et al., 2003). Even wiige more urbanized estuaries from the 2000
survey were included, only two sites out of 371ists had DO values <2 mg (U.S. EPA,
2004b), the level indicative of hypoxia (Brickeradt, 2003). Both of these low values occurred
in Hood Canal in southern Puget Sound, which isepdjord type estuary with limited
recirculation (http://www.hoodcanal.washington.edljkewise, chlorophylh concentration on
the Pacific Coast was rated as good, and only ti@e g1 Puget Sound and one in California
exceeded the threshold of 20 [{gfér a “poor” rating (U.S. EPA, 2004b). The genlraigh

DO values and low to moderate levels of chloropaguggested that eutrophication was not a
wide-spread problem on the Pacific Coast, in paldicin the PNW coastal estuaries.

Even though the available evidence did not sughestPNW estuaries were displaying
symptoms of eutrophication, there are indicationsigh nutrient conditions. Water quality on
the Pacific Coast was rated as “fair” because gl kiissolved inorganic phosphorous (DIP) and
poor water clarity (U.S. EPA, 2004b). Nitrogendoay normalized to estuarine area for the
Yaquina Estuary, Oregon is 25 mmole K gt (Brown and Ozretich, 2009), which is as great
as or greater than loading in a number of eutropystems (Nixon et al., 2001). Though
phytoplankton blooms do not appear to be a widesgspphenomenon, we have observed
phytoplankton blooms in the upper regions of a éstuaries as well as the import of high
chlorophylla concentrations (> 4f)g I'!) from the ocean (Brown and Ozretich, 2009). Hjnal
benthic macroalgae, an indicator of eutrophica(l@BNR, 2003; Bricker et al., 1999), is
abundant in several PNW estuaries (e.g., Thom, ;1lR&dtula and DeWitt, 2003). Thus, the



emerging pattern for the PNW is high DIP concerdreat and high nitrogen loadings, high levels
of benthic macroalgae yet low or moderate phytdglamconcentrations. Similar cases of high
nutrient loading with low chlorophyH levels have also been observed in other PacifasCo
estuaries (Cloern, 2001), and certain estuariesagdpss sensitive to nutrient loading due to
“modulating filters”, such as strong tidal forcinggh turbidity, and dominance of benthic
suspension feeders.

One key factor affecting PNW estuaries is the sealsapwelling that occurs during the spring-
summer (Hickey and Banas, 2003). Coastal upwellirsgich a strong regional driver that the
PNW coastal estuaries can be considered “extensifdhe coastal ocean during the growing
season” (Hickey and Banas, 2003). Another keyofastthe highly seasonal pattern in
precipitation, with dramatically reduced rainfallrcthg the summer (Emmett et al., 2000). This
pattern of increased coastal nutrient concentrataord reduced runoff potentially increases the
relative contribution of nutrients from oceanic sms during the summer. Field and modeling
research (Brown et al., 2007; Brown and Ozreti€®Q showed that nutrient-rich ocean water
advected into the estuary was the major sourcetofemts and phytoplankton for the lower
portion of the Yaquina Estuary during the spring aammer. Overlaying the distribution of
seagrasses on the pattern of nitrogen sourceswithiestuary identified oceanic-derived
nitrogen as the major source for the major portibthe SAV population in the Yaquina during
the primary growing season. During the low rieif conditions of summer, riverine nutrients
(i.e., terrestrially derived) were the dominantadfen source only in the upper Yaquina, which
contains relatively little SAV. Consequently, tBAV in this estuary does not appear to be
highly vulnerable to anthropogenic nitrogen incesaguring the primary growing season
because the bulk of the population only has mixposure to watershed-derived nutrients.

These observations highlight the major differeringte nutrient dynamics of PNW estuaries
compared to East and Gulf Coast estuaries largsiylting from summertime upwelling and
reduced summertime river flow in the PNW. Thedt&edences could have substantial effects on
regulatory strategies. For example, what is tledogpcal relevance and defensibility of water
quality criteria in systems dominated by naturdtieat sources that periodically exceed the
criteria? Another issue is how to develop criteniamplement TMDLS in estuaries with
seasonally, and even tidally, variable fluxes dfieats. One difficulty in addressing these
issues is that research on the effects of upwetimgutrient and phytoplankton dynamics in
coastal estuaries has been limited to a relatiesiyPNW estuaries, primarily the Columbia
River Estuary (e.g., Hamilton, 1984), Coos Estuar@regon (Fry et al., 2001; Roegner and
Shanks, 2001; Roegner et al., 2002), Willapa EgtunayWashington (e.g., Hickey et al., 2002;
Hickey and Banas, 2003; Newton and Horner, 2008),¥aaquina Estuary in Oregon (Brown et
al., 2007; Brown and Ozretich, 2009). In particuthe pattern of the SAV being primarily
exposed to ocean-derived nutrients has only besiest in the Yaquina Estuary, and without
studies in different types of systems it is noaclhether this is a general pattern across PNW
estuaries.

1.4 Biotic Response Measures in PNW Estuaries

In addition to the water quality patterns mentioabdve, PNW estuaries are characterized by
several dominant benthic macrophytes and secomtggumers. The dominant intertidal
macrophytes in the PNW are the perennial, rootedtarseagrass@ostera marind.. and



Z. japonicaAschers. & Graebn. and the benthic green macreajgdd, where a guild is a set of
species with similar ecological function. Two dormt benthic species in many PNW estuaries
are the burrowing shrimNeotrypaea californiensiandUpogebia pugettensisEach of these
primary producers and secondary consumers straifgigt other components of estuarine
ecosystems, and can be considered ecological enrgigespecies (sensu Jones et al., 1997).
Specific ecological functions and interactionstide species/guilds are summarized below and
in Table 1-1. Because of their importance in mutridynamics and food webs, these five taxa
were chosen as practical biotic response measuresdpoints, in our surveys to relate
distributions of estuarine resources to nutrientrses.

Z. marinais the dominant seagrass species in PNW estutoresing dense beds in the
intertidal and shallow subtidal zones (e.g., Kemtuhd Mcintire, 1986; Thom, 1990; Thom et
al., 2001). Seagrasses promote estuarine prodyand diversity by serving as nurseries and
foraging areas for recreationally and commerciamiportant fish and shellfish, providing bird
habitat, increasing the density of benthic inverés, and contributing to estuarine primary
production (e.g., Bayer, 1979; Hemminga and Du&@@0; Jackson et al., 2001; Ferraro and
Cole, 2007). A second seagrass species, the ngamulisZ. japonica was targeted because it
appears to be spreading in the PNW (e.g., Youiad},€2008). The ecological role of this non-
native species is not well known, but appears te leth positive and negative ecological
impacts (Posey, 1988; Larned, 2003; Wonham, 2008sRKk et al., 2006; Kaldy, 2006), and
thus can be considered both a stressor and angezallcesource.

Another important primary producer assemblage iMP@stuaries is benthic macroalgae, which
primarily consists of green ulvoid species. Benthiacroalgae were targeted in our field
surveys because bloomsldiiva andEnteromorphahave been associated with eutrophication in
other parts of the world (e.g., Valiela et al., 798auxwell et al., 2003) and have been used as
an indicator of eutrophication (Bricker et al., 99€ENR, 2003). However, benthic macroalgal
blooms are an annual event in many PNW estuarigési@nlikely to be an important component
of primary production (e.g., Phillips, 1984; Thob984; Kentula and Mcintire, 1986; Kentula
and DeWitt, 2003; Thom et al., 2003; Bulthuis amail§ 2006). Thus, as with. japonica
benthic macroalgae can be considered both a resauacta stressor.

In addition to the primary producers, the ghosirsprN. californiensisand the mud shrimp,

U. pugettensisyere selected as biotic indicators. Both speaieharvested commercially and
recreationally though they also have a negativecefin oyster aquaculture (Feldman et al.,
2000). Both of these deep burrowing ecologicairs®ys modify sediment properties by
turning over large quantities of sediment and bgating large amounts of water through the
sediment (DeWitt et al., 2004). In response te thiense bioturbation, sediment nitrogen fluxes
are increased and shrimp-dominated tide flatsecersl only to the ocean as a source of
dissolved inorganic nitrogen (DIN) during the sumnmethe Yaquina Estuary (DeWitt et al.,
2004). While potentially stimulating phytoplanktby adding nutrients to the water column,
burrowing shrimp simultaneously reduce phytoplanktoncentrations by filtering large
guantities of overlying water, perhaps as muchasttire volume of the Yaquina Estuary daily
(Griffen et al., 2004). The intense bioturbatignNo californiensisalso reduces the ability @f
japonicato spread into unvegetated areas (Dumbauld antieAB¢heverria, 2003).



Table 1-1. Ecological interactions of five taxakated in the field surveys. The effects listecehare to illustrate the general types
of interspecific and trophic interactions expedte@acific Northwest estuaries and are not a corapigting of all biotic interactions.

EFFECTS ON EFFECTS ON| EFFECTS ON EFFECTS OF
WATER EFFECTS EFFECTS ON JUVENILE HIGHER NUTRIENT
COLUMN EFFECTS ON ON BENTHIC FISHES & TROPHIC ENRICHMENT
TAXON NUTRIENTS PHYTOPLANKTON | Z. MARINA INFAUNA CRABS LEVELS ON TAXON
Habitat refuge
Structure enhances ; . -
Decrease by NS and foraging for | Increase in turbidity
Compete for water species richness angd " : .
uptake and . ; : fish and crabs. and increase in
Z. marina potential export column nutrient. Minor NA density over bare Nursery Consumed by epiphytes reduce
' f .| effectin PNW estuaries? sediment. Provides S
rom estuary via total organic carbon brant geese & | lower depth limit of
rafting 9 . American Z. marina
(TOC) to sediment. widgeon
Strupturg enhances Nursery, though | Habitat refuge | Increase in turbidity
species richness angd ) ; .
Decrease by : to lesser extent | and foraging for and increase in
Compete for water , density over bare ! ' .
uptake and . . Competitor . . thanZ. marin& fish and crabs? epiphytes reduce
: : : column nutrient. Minor . sediment. Provides oy .
Z. japonica | potential export . .4 Insome . Potential “habitat{ Consumed by lower depth limit?
.| effectin PNW estuaries? : TOC to sediment. S e : :
from estuary via estuaries Both to a lesser sink” for juvenile brant geese & | Stimulate growth at
rafting crabs during American lower enrichment
extent tharr. o .
. spring tides? widgeon level?
marina?
Provides TOC to
. Increase area
: Decrease by Compete .for water _sedlment. . covered and
Benthic column nutrient. Minor| Impact at Detrimental at high - Consumed by : .
uptake (release . b : Minimal? . biomass, with
macroalgae . effect in PNW estuaries? high biomass levels due to some amphipodsg .
during decay) ; . impacts on SAV and
smothering, shading, benthos
and HS formation
Increase benthic - Inhibits Reduces certain - Decrease if low
Neotrypaea flux Minimal colonization benthic guilds Minimal Prey dissolved oxygen
Stimulate due to
Neutral or higher
. Increase benthic . o Enhanced relative tq - phytoplankton at
Upogebia flux Decrease by feeding Tg‘l{) ;?chgg';e bare sediment Minimal Prey moderate levels?

Decrease if low
dissolved oxygen




1.5 Design and Objectives of the Pacific Northwe&egional Study

Based on our understanding of the nutrient dynaamckdistribution of estuarine resources
within the PNW, we focused our research on threepreviously identified management
needs: 1) classification by nutrient loading andrees; 2) classification by the resources at risk;
and 3) classification by estuarine vulnerabiliesearch to address these needs was conducted
at two spatial scales. The first was at the laapscscale of entire estuaries and associated
watersheds within the PNW, which is discussed iag@ér 2. The six primary objectives at the
landscape scale were:

1) Identify and delineate all estuaries and assediaatersheds within the PNW.

2) Classify estuaries by geomorphology and extériver versus ocean influence.

3) Classify estuaries by spatial and temporal gglpatterns

4) Classify estuaries by wetland patterns.

5) Classify coastal watersheds by land cover patter

6) Integrate wetland and watershed classificationdentify functionally similar estuaries.

A total of 103 estuaries were identified within fARW based on the most recent NWI data, with
their sizes spanning more than five orders of ntagei A variety of classification schema were
generated from these landscape-scale attributesl lmasthe concept that different types of
classifications are useful for addressing differméntific or management issues. A
“crosswalk” of the wetland and land use classifmad was then generated to identify
functionally similar estuaries.

The second spatial scale was at the level of ttheigtual estuary where we conducted both field
and aerial surveys. We identified seven targetagms in Oregon spanning a range of size (3.1
to 54.9 knf), geomorphology, and perceived ocean versus rigérifluence. The seven target
estuaries were the Alsea, Coos, Nestucca, Salmaer,Riillamook, Umpqua River, and
Yaquina. One of the goals at the estuary scaletovdstermine patterns and drivers of water
guality across a range of estuary types. The Bp@edijectives of the water quality surveys and
modeling were to:

1) Determine the within-estuary and among-estupayial patterns of water quality based on
nutrients, chlorophyla, and dissolved oxygen (Chapter 4).

2) Assess the among-estuary patterns of spatialesnploral variation in salinity (Chapter 4).

3) Based on water quality patterns, models, anjporatios in macroalgae, divide each of
the estuaries into segments that are primarily dated by ocean-derived nutrients versus
riverine-derived nutrients (Chapter 5).



Another goal at the estuary scale was to quartgywithin- and among-estuary distributions and
abundances of each of the five biotic endpoinisec8ic objectives of this research were to:

1) DetermineZ. marinads intertidal/shallow subtidal bathymetric distrtimn using aerial
survey data (Chapter 6).

2) Using the aerial surveys @f marinadistributions, assess the potential exposure to
terrestrially derived nutrients by quantifying wipaibportions of the population occurred in
the ocean- and river-dominated segments of thetasjuaries (Chapter 6).

3) Based on field probabilistic surveys, assespttential exposure of each of the five biotic
endpoints to terrestrially derived nutrients by mpifging what proportions of the populations
occurred in the ocean- and river-dominated segnudrite target estuaries (Chapter 7).

4) Classify the target estuaries based on simdarit the relative abundances of the five
biotic endpoints (Chapter 7).

5) Determine the lower depth limit @& marinato determine its relationship to ambient water
clarity and estuary type (Chapter 8).

The final objective was to summarize the key pattend processes that differentiate PNW
estuaries from those on the East and Gulf coasiekhss those that result in different
vulnerabilities to nutrient enrichment among PNWuasges (Chapter 9). We suggest that this
summary forms the nucleus of an emerging “Pacificthlvest Paradigm”. This paradigm can,
and should, be refined as additional data areaellieand as we gain better insights into the
oceanic, estuarine, hydrologic, climatic, waterslal ecological processes affecting nutrient
dynamics and biotic distributions.



CHAPTER 2:
REGIONAL CLASSIFICATION OF PACIFIC NORTHWEST ESTUAR IES
BY WETLAND AND LAND COVER PATTERNS

Henry Lee Il, Deborah A. Reusser (USGS), Patti iatyyIndus Corp.),
Cheryl A. Brown, and Patrick J. Clinton

Key Findings

* A census of the coastal waterbodies on the Pacifimast identified 230 estuaries
(exclusive of Puget Sound) of which 103 occurred ihe Pacific Northwest
(PNW). The majority of the PNW estuaries are smajlwith 73 of the 103
estuaries less than 1 ki and most have extensive intertidal habitat.

* PNW estuaries provide a suite of estuarine servicesd functions that vary by
estuary size, with small- and moderate-sized estuas (<10 knt)
disproportionately important to Coho smolts

*  PNW estuaries were classified based on geomorphojognd extent of ocean
exchange. Eight estuaries were classified as caddagoons, 6 as blind estuaries
53 as tidally restricted coastal creeks, 2 as tidabastal creeks, 3 as marine
harbors/coves, 3 as bar-built estuaries, and 28 dsowned river mouth
estuaries.

* The drowned river mouth estuaries were further divded into river- or tidal-
dominated based on an “area-normalized freshwatemiflow” metric, with 15
classified as “highly river-dominated”, 7 as “modeately river-dominated”, and
6 as tide-dominated estuaries. River-dominated asiries have greater flushing
and, hence, are less vulnerable to nutrient enrichemt.

* The 31 major river mouth and bar-built estuaries wee then classified using a
clustering approach based on either wetland or watshed land cover patterns.

» A“crosswalk” was conducted to group estuaries thatlustered together in both
the wetland and watershed analysis. This approaddentified groups of
estuaries that presumably have similar nutrient dymmics and vulnerabilities.

* Most PNW estuarine watersheds display relatively \v levels of alteration based
on development, agriculture, population density, ad impervious surfaces.

2.0 Introduction

The overall goal of the regional classification wa®valuate the similarities and differences
among Pacific Coast estuaries based on estuariti@naelistributions, land cover patterns in the

10



associated coastal watersheds, and spatial andtehgatterns of salinity distributions.
Wetland and watershed data were synthesized fthetioastal estuaries of the Pacific Coast
from the Tijuana Estuary in Southern California.&874°N) north to Cape Flattery in
Washington (48.383°N). The current effort focuseshe outer coastal estuaries of the Pacific
Northwest (PNW), which is defined as the coastghsnt from Cape Mendocino in Northern
California (40.440°N) to Cape Flattery in Washingtd'he Strait of Juan de Fuca and Puget
Sound were not included in this analysis.

The first step in the analysis was a compreherdg@li@eation of all the coastal estuaries and
watersheds to assure a one-to-one relationshipeleet@ach waterbody and its associated
watershed. Based on this inventory of PNW estaama watersheds, we addressed the
following objectives:

1) Identify the broad resource types and genexabgaal services provided by PNW
estuaries.

2) Group estuaries by their similarities in wetlgradterns and estuarine landscape
attributes, including development of estuarinesacaétrics of key physical/climatic
drivers.

3) Group watersheds by their similarities in laogear patterns and other watershed
attributes.

4) Conduct a matrix match (“crosswalk”) of the slifisations by wetlands and watersheds
to identify estuaries overlapping in the two anab/sUse these groups to identify
functionally similar estuaries and to help devedosearch framework to evaluate the
proposed classification schema.

5) Develop a baseline of estuarine and watershetbtape data for the PNW.

2.1 Estuarine, Wetland, and Landscape Data Sourcesd Methods

Achieving the five objectives of the regional cliisation required a synthesis of multiple types
of estuarine and watershed data and GIS analysgare 2-1 provides an overview of this
synthesis to achieve objectives 1-4. In term#effifth objective, the summarized wetland and
watershed data are provided in Tables 2-2, 2-3 2athd

2.1.1 Estuary Definition and Inventory

A national standard, the National Wetland Invent@WI1) (http://www.fws.gov/nwi/; U.S. Fish
Wild. Ser., 2002), was used as the criterion fdimaleg estuaries. NWI classifies aquatic habitat
types using a hierarchical set of attributes base@owardin et al. (1979), and includes marine,
estuarine, riverine, palustrine, and lacustrin@sieith further subdivisions for tide height,
substrate type, and the presence of broad clagsestland plants (e.g., emergent vs. aquatic
bed). These geospatial data were obtained from dligitlal databases and on-site digitization of
paper maps to fill in data gaps not available gitdl format. The NWI codes found in PNW
estuaries are summarized in Table 2-1.
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Delineate . Ecological Resources
Watersheds » lnventor)S/:CftiI;I;I\;VZEstuanes <«—— of PNW Estuaries
Section 2.1.3 l ) Sections 2.1.6 & 2.3

Classification Based on Geomorphology
and Oceanic Exchange
Section 2.4
Open i i Restricted
Marine Harbors Lagoons and Blind Estuaries
and Coves Section 2.4.1
Section 2.4.3 Tidally Restricted Coastal Creeks
Section 2.4.2
\ 4
| Drowned River Mouth and Bar Built Estuaries
Section 2.4.4
Tidal vs. River
Dominated Estuaries
Section 2.4.4
Classification Classification by Classification by
by Wate.r shed Land Use and % Wetland Areas and
Alte.r ations Land Use Areas % Wetland Areas
Section 2.8 Section 2.6 Section 2.5
Crosswalk Between Landscape and
> Wetland Classifications <

Section 2.7

Figure 2-1. Overview of the generation of the PESWary inventory and the wetland and
landscape data synthesis and analysis.
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We defined estuaries as coastal water bodies #thaINWI estuarine polygon and that
discharged directly into the ocean. Rivers, cregksutaries, and other water bodies within an
estuary that do not discharge directly into theamceere considered subestuaries. While only
the estuarine polygons were used to identify esathe sum of the marine, estuarine, and tidal
riverine polygons was used to calculate the tattlaine area so as to capture the entire habitat
area likely to contain euryhaline flora and fausanell as to minimize the effects of any
misclassifications of the salinity classes. Tlsedf estuaries in the PNW was updated from
those in the earlier version (Lee et al., 2006 Hdam the 2007 NWI revisions in the Pacific
Northwest. In addition, any coastal water body tread an estuarine polygon in the 2001 NOAA
coverage (see Section 2.1.3) but did not have taiarse polygon in NWI was identified and
delineated. These additional systems are listeddmpleteness but are not included in the
wetland or watershed analyses. Semi-enclosed tgobdays with only marine polygons and
coastal streams with only tidal riverine polygoreyevdelineated but were not classified as
estuaries and were not included in the analyses.

Based on these criteria, 103 PNW estuaries wergifigel (Figures 2-2 to 2-5). Sixteen of these
estuaries were in California, 24 in Washingtonjré®@regon, and the Columbia River Estuary
which is divided between Washington and Oregone géomorphological class of each of these
estuaries is given in Table 2-2. The classificatb estuaries as drowned river mouth, bar-built,
and blind comes from various sources (e.g., Bogbal., 1979; Seliskar and Gallagher, 1983;
Cortright et al., 1987; Rumrill, 1998; Emmett et &000) as well as our own analysis. The
classification of estuaries as coastal lagoonallyidestricted coastal creek, and marine
harbor/coves is based on the arguments made ilbB&ct as is our approach to quantitatively
separating tide- versus river-dominated estuaries.

2.1.2 Wetland Habitats Based on NWI

The NWI provides a regional-scale dataset to dassituaries by wetland type. An advantage
of using wetlands to classify estuaries is thabéidihabitat endpoint integrates a wide range of
environmental conditions, such as salinity patteflnshing, and nutrient loading. Thus,
estuaries with similar NWI wetland patterns preshipavill display similar responses to
nutrient enrichment.

While the NWI provides a dataset to evaluate estadrabitats at both local and regional scales,
there are limitations. The NWI classifies habitats coarse resolution, such as “aquatic bed” or
“unconsolidated shore”, and is thus unable to ckfiiate between benthic assemblages such as
burrowing shrimp beds versus sand flats withouinghwr A second limitation is that some of the
NWI data were generated in the late-1970s and-d@&&ps, and thus are historical snapshots of
estuarine conditions. However the NWI is contilguio update its habitat maps, including an
update of the Oregon estuaries in 2007. Thefisstuaries and their sizes are based on these
updated data so that some estuarine areas wak difightly from the values in the earlier version
of this document (Lee et al., 2006). A third liation is that there was minimal field validation
and some of the classifications may be incorréct. example, our observations in Beaver Creek
(Oregon) suggest that one potential error is thestlication of tidal riverine wetlands as
estuarine emergent wetlands in smaller coastaés)st
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One procedural challenge was that some of the ohdgis either had obsolete or incorrect NWI
codes, though we were able to translate thesdhetourrent standards. Another challenge was
the inconsistent resolution in the use of spe@aitat modifiers for salinity and sediment type
among estuaries. For example, codes to indicatsghcific salinity class (e.g., mesohaline)
were included in a few estuaries but were lackmmany others. When conducting statistical
clustering using the original NWI codes habitatthve higher level of resolution would be
considered different from the exact same habittdid not contain the special modifiers.

We took a number of steps to reduce the effectisesfe limitations on the classifications. As
mentioned, we updated obsolete or incorrect catdlesypdated codes are referred to as
“corrected NWI codes.” To minimize the effect ofselassification of riverine tidal wetlands as
estuarine wetlands, we defined total estuarine asehe sum of marine, estuarine, and tidal
riverine polygons. Thus, the total estuarine aveald be the same regardless of the specific
salinity designation within this range. Includitige riverine tidal portion is ecologically
justifiable as inclusion of the low salinity haltitaptures the full habitat range for euryhaline
and oligohaline species. To control for differlavels of habitat resolution, we derived
“consolidated NWI codes” that merged the originad @orrected NWI codes into broader
habitat classes (Table 2-1). For example, botgularly flooded emergent wetland” and
“regularly flooded rooted aquatic bed” were condated into a “regularly flooded rooted” class.
The original 118 marine, estuarine, and tidal iiveNW!I codes in the PNW estuaries were
merged into 48 consolidated codes (Table 2-1).s&lensolidated NWI codes were used in the
classification analysis to assure similar levelseslution in the clustering. Additionally,
merging into broader habitat classes helped tormnd the effects of certain wetland
misclassifications (e.g., a site classified as gt vegetation versus a rooted aquatic bed).
Merged NWI codes have been used in previous effeuish as in NOAA's “Spatial Wetland
Assessment for Management and Planning” programA8&®/ Sutter, 2001) and in wetland site
prioritizations (Brophy, 2003). Brophy (2003) segted that merging NWI polygons better
identifies the “high biological value of a largegjdnologically interconnected wetland.”

With these steps to standardize the data, the Nivild provide sufficient accuracy and
resolution to address regional scale wetland peteAs stated in Oregon’s “Wetlands Inventory
User’s Guide” (Oregon Division of State Lands, mas), “The NWI provides excellent
information for a variety of planning purposes” einclude the identification of “the general
location, extent, and type of wetlands on a redibaais, such as watershed or on tribal lands.”
Also, as pointed out in the Oregon Watershed AssessManual (Brophy, 2007), the revised
NWI is a suitable base layer for estuarine assestsnaad is an alternative to hydrogeomorphic
(HGM) maps. Nonetheless, the NWI does not havedbelution of detailed site-specific
studies, such as conducted previously in Oregomt(iGbt et al., 1987). It is beyond the scope
of this regional assessment to conduct a detadetparison of the NWI wetland classes with the
previous habitat delineations in Oregon, but aayrsomparison suggests that there is
reasonable agreement on broad habitat classifia{eg., aquatic beds, subtidal). The Oregon
study does, however, provide details as to spea#htat type, such as the importance of algae
growing on cobble/gravel in the Chetco River, whichvide insights not possible from the
broader NWI classes.
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Table 2-1. Consolidation of National Wetland Integ (NWI) habitat codes found in PNW estuariehie NWI broad habitat
classes (estuarine, marine, tidal riverine) anal theights (subtidal, irregularly exposed, regylildoded, irregularly flooded) are
given at the top in capitals and the consolidataltht types falling within that salinity-tide héitgare given in the cells underneath in
bold. The original NWI codes making up the cordatied class are listed beneath the consolidatathhariginal NWI codes that
are obsolete or incorrect are given in italics waith interpretation of the corrected code in pdresis. The “rooted” classes in this
analysis are used to capture the NWI “EM” codesef@mant = “erect, rooted, herbaceous hydrophytesl)amy other codes that are
identified as rooted or persistent. The “aquatid’xlasses are used to capture all “AB” codesdtquoed = “habitats dominated by
plants that grow principally on or below the sudaxd the water for most of the growing season istnyears”) other than those
identified as rooted or persistent. In PNW estsrareas classified as aquatic beds may be cowete @AV, macroalgae, or a
combination of both. Because of the uncertaintthefpresence of vegetation with the “unconsoldiateore” codes, they are
classified as unvegetated though they may confailo 30% vegetation. Discussion of NWI codes caifoloind in Cowardin et al.
(1979) and Smith (1991) while an online translaavailable at http://www.fws.gov/wetlands/Databaex/atx.html.

ESTUARINE - SUBTIDAL

Unvegetated Unvegetated — | Unvegetated — Aquatic Bed Rooted
Excavated Diked/
Impounded
E1UBL, E1UBLx E1UBLhA E1ABL E1AB3L

E1UB2L, E1UB3L,
E10WL (E1UBL)

ESTUARINE — IRREGULARLY EXPOSED

Unvegetated Unvegetated — | Unvegetated - Aquatic Bed Rooted
Cobble-Gravel Streambed
E2USM, E2US2M, | E2UB1IM E2SBM E2ABM, E2AB3M,
E2US3M,E2FLM (E2US1M) E2AB/FLM E2EM1M
(E2USM) (E2ABM)

E2AB/USM
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ESTUARINE — REGULARLY FLOODED

Unnvegetated Unvegetated - | Unvegetated - | Unvegetated - | Aquatic Bed Rooted Rooted — | Rooted - | Rooted -
Streambed Spoils Excavated Diked/ Spoill Excavated
Impounded
E2USN,E2BBN E2SBN E2USNS E2USNx E2AB1N, E2EMN, E2EM5Nh | E2EMNs | E2EMNXx
(E2USN) E2FLN E2EM/ABIN, | E2EM/ABN,
(E2USN) E2US2N, E2AB1/US3N, | E2EMIN,
E2US3N,E2FL3N E2US3/AB1N, | E2EM1/FLN
(E2US3N)E2FL6N E2ABN, (E2EM1N)
(E2USN) E2AB/FLN E2EM1/US3N,
(E2ABN) E2EM1/ABN,
E2AB/USN, E2EM/USN,
E2AB2/US3N, | E2EM1/USN,
E2US/ABN E2EM5N
ESTUARINE — REGULARLY FLOODED (CONT.)
Shrub-Scrub Rocky
E2SSN E2RSN
ESTUARINE — IRREGULARLY FLOODED
Unnvegetated Unvegetated — Rocky Rooted Rooted — | Rooted - Spoils| Shrub-Scrub Forested
Cobble-Gravel Diked/
Impounded
E2US2PE2BBP E2US1P E2RSPR E2EM1/FLP E2EM5Ph E2EMPs E2SSP, E2FOP,
(E2USP)E2FLP (E2RSPr) (E2EM1P) (E2EMPh) E2US/SSP E2FO1P,
(E2USP) E2USP E2EM1P, (E2SSP) E2FO5/EM1P,
E2EM5P, E2SS/EM1P E2FO4/1P,
E2EMP,E2EM1R (E2SSP) E2FO4P,
(E2EM1P) E2SS1P E2FO4/EM1P
(E2FO4P)
MARINE — SUBTIDAL & REGULARLY FLOODED, & IRREGULARL Y FLOODED
Irregularly Irregularly Irregularly Regularly Regularly Subtidal - Subtidal -
Flooded - Flooded — Aquatic | Flooded — Rocky Flooded - Flooded — Rooted Unvegatated
Unvegetated Bed Unvegetated Rocky —
Vegetated &
Unvegetated
M2USP, M2AB1/USN M2RS2P, M2USN, M2RSN, M1AB3 M1UBL
M2US2P M2RSNr,M2RSPR| M2US2N M2RS/ABN,
(M2RSPr) M2AB/RSN
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RIVERINE — TIDAL — PERMANENTLY & REGULARLY & SEMIPE RMANENTLY FLOODED

Permanently Permanently Permanently Regularly Semipermanently | Semipermanently
Flooded Tidal - Flooded Tidal — | Flooded Tidal - Flooded — Flooded Tidal — Flooded Tidal —
Unvegetated - Unvegetated — Aquatic Bed Unvegetated - Unvegetated - Unvegetated -
Subtidal Subtidal — Shore Subtidal Shore
Excavated
R10WV R1UBVX R1ABV R1USNR1FLN | R1UBT R1UST,
R1UBV (R1IUSN R1FLT
(RLUST)
RIVERINE — TIDAL — SEASONALLY & TEMPORARILY & IRREG ULARLY FLOODED
Seasonally Seasonally Seasonally Seasonally Temporarily Irregularly
Flooded Tidal - Flooded Tidal - | Flooded Tidal - | Flooded Tidal - | Flooded Tidal — Flooded —
Unvegetated - Unvegetated — Rooted Streambed Unvegetated - Unvegetated -
Shore Shore - Spoil Shore Shore
R1USR, R1USRS R1EMR R1SS/USR R1USS R1FLY
R1FLR (R1USR), | (R1USRS) (R1SB/USR) (R1USP)
R1SS/FLR
(RIUSR)




2.1.3 Watershed Delineation

The watershed associated with each coastal estuahe Pacific Coast was delineated, so that
there was a unique one-to-one relationship betweeestuary and its watershed. The estuarine
watershed geospatial layer was derived and augohénoi@ the watershed layer originally
generated for NOAA’s Coastal Assessment Framework
(ftp://sposerver.nos.noaa.gov/datasets/ CADS/Gl8sFhapeFiles/caf/). This layer was not
sufficiently detailed to represent the smaller asets on the Pacific Coast, requiring further
delineation of a number of coastal watersheds iifd@aia, Oregon, and Washington.
Watershed boundaries subtending these estuarystesdetermined from several sources. In
Washington, Oregon, and northwest California, ikthdield hydrologic unit (HUC) sub-
watershed geospatial layer created by the U.SsE8&ervice from 1:24,000 scale USGS maps,
digital elevation models, and other data sources
(http://www.reo.gov/gis/projects/watersheds/REOHWCY.htm) were used as primary
references. A watershed layer refined to the gbviegld HUC boundary lines
(http://www.fsl.orst.edu/clams/cfsl0233.html) wdscaused for most of coastal Oregon north of
the Rogue River. The digital basin layer CALWATERS used as the primary source for major
basin delineations in central and southern CaliforlCALWATER is the “California

Interagency Watershed Map” produced in 1999 andigukin 2004, and represents the State of
California's working definition of watershed bounda (http://gis.ca.gov/meta.epl?0id=22175).

In all states, final refinements to the drainagermtaries were based on review of the hydrologic
drainage patterns derived from digital elevatiotada0-meter horizontal resolution in Oregon
and 30-meter horizontal resolution in Washingtod @alifornia) and from USGS 1:24,000
scale quadrangle maps. In addition, photograptsiaital imagery for coastal features were
examined from the California Coastal Records Ptdj&tp://www.californiacoastline.org), State
of Washington database of shoreline photos (hipp&.ecy.wa.gov/shorephotos/), Terraserver
(http:/Iterraserver-usa.com/), and other on-linagery sources. Digital boundaries for
extraordinary sites — the Columbia River Basin,ittterior portion of the San Francisco
watershed, and the perimeter of the Tijuana Rivetevghed — were located from additional
sources and incorporated as being the “best alaititta”. Boundary lines and water bodies
were plotted and reviewed for accuracy of coding fatelity to the original sources. In some
cases, adjustments were made to the attribute gadiwater bodies to reflect judgments that
these were part of an estuarine system.

The entire watershed was delineated for each gs{see Table 2-2). By delineating the entire
watershed, these drainage areas are equivaldm sutm of NOAA’s Estuarine Drainage Area
(EDA, portion of watershed that empties directlpithe estuary and is affected by tides) and
Fluvial Drainage Area (FDA, component of an estisamatershed upstream of the EDA
boundary; http://www.csc.noaa.gov/crs/lca/glossihtrantire watershed areas were analyzed
rather than the area represented by EDAs to cafftarentire landscape contributing to the
nutrient loading of the estuary. For the Columbhe, tidal portion of the Columbia River
watershed was delineated up to the Bonneville Dsimguthe NOAA land cover data while the
entire Columbia Basin, including into Canada, walinéated by the Interior Columbia Basin
Ecosystem Project Management Project (ICBEMP, 1B86;//www.icbemp.gov). The NOAA
land cover data truncated the northeastern entecKlamath watershed which was filled in
using the National Land Cover Data (NLCD; http:/Mnepa.gov/mrlc/nlcd-2001.html) data.
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Because of the difficulty in delineating watershéafsthe smallest estuaries (<0.1%mthe
estimates for these systems may overestimate thal @rea draining into these systems. We
also identified the coastal areas not containingsinarine polygon that drain directly into the
ocean, which are referred to as Coastal Drainagas"\ (CDAs) by NOAA. The watershed
associated with each CDA was delineated, but tressdts are not reported here. A number of
watershed areas calculated here differ from thoseéqusly reported by NOAA’s Coastal
Assessment Framework because multiple estuari¢ained within a single NOAA EDA were
split out to create a one-to-one relationship betweach estuary and its watershed.

2.1.4 Land Cover Patterns, Impervious Surfaces, ahPopulation Density

The land cover pattern of each coastal watersheddetermined using the 1992 National Land
Cover Data (NLCD, http://www.mrlc.gov) and both th@95 and 2001 land cover data from
NOAA'’s Coastal Change Analysis Program (C-CAP,
http://www.csc.noaa.gov/crs/lca/ccap.html). Thest were derived from Landsat satellite
imagery and produced at a 30-meter spatial resolwtath an overall target accuracy
requirement of 85%. The present analysis primartiljzed the 2001 NOAA data since they are
the most recent, though the earlier NLCD data weeal to fill in gaps such as portions of the
Klamath watershed. The 2001 NOAA data are bas&tPdand cover classes
(http://www.csc.noaa.gov/crs/Ica/oldscheme.htmlb)icl are not exactly the same as used in the
NLCD. The percent impervious surface was calcdlébe each of the estuarine watersheds
from the 2001 NLCD land cover data (http://www.egma/mric/nlcd-2001.html). This dataset
estimated the percent impervious surfaces on & st&l to 100% by 30 meter cells over the
entire contiguous United States, the highest réisolwf impervious surfaces available at a
regional scale. The earlier version of this refbee et al., 2006) calculated impervious surfaces
using the default impervious coefficients in Attita different land cover classes (U.S. EPA,
2004c).

The population within each coastal watershed whsilzdaed using both the 1990 and 2000
census data. This analysis was conducted at tisusdlock scale, the smallest unit used by the
Census Bureau. Population was prorated by arezefmus blocks that were transected by a
watershed boundary. Population density (# pe?) kmas calculated for each watershed using the
total delineated watershed area and the percenigtam change from 1990 to 2000 was
calculated.

2.1.5 Classification Strategy and Methods

We used a “hybrid” classification approach that bomed qualitative analysis with more formal
statistical methods. The qualitative analysis used to initially separate out major types of
estuaries primarily based on nutrient forcing fiomts and geomorphology especially as it
related to oceanic exchange. An advantage otypesof analysis is that it allows the
identification of broad groups of estuaries basedagtors that are recognized as critical drivers
but for which there is either a lack of quantitatiata and/or a lack of suitable metrics to
incorporate into a statistical analysis. A quéif@analysis also allows us to incorporate
temporally variable or intermittent attributes, sas whether an estuary periodically closes off
at the mouth (“blind” or intermittent estuary).
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Table 2-2. Area and geomorphology of PNW estuameswatersheds. This table lists all coastal maidies with a NWI estuarine
polygon, with the areas (Kinfor the marine, estuarine, and tidal riverine Niviibitats. “Total Estuary” is the sum of the ar&the
three NWI habitat classes, and is the area useestarries in our analyses. The total watersheal @mnf) from the 2001 NOAA
land cover analysis is given for the associatectigheds. The watershed area for the Columbia Rivgy to the Bonneville Dam.
The four italicized water bodies are those thaetev estuarine emergent wetland or estuarine aduedi polygon in the 2001
NOAA land cover analysis (see Table 2-3) but dohaste a NWI estuarine polygon. These additionstuaries” are included for
completeness but are not included in the analy&#srnative geomorphological classifications aneeg in parentheses. * = new
estuary not included in the previous analysis (&ea., 2006).

WATERSHED AREA (kn)
AREA TIDAL TOTAL
ESTUARY LATITUDE (km?) MARINE | ESTUARINE | pVERINE | ESTUARY ESTUARY TYPE
Waatch River 48.344 38.4 0.0 0.93 0.24 1.16 Tidevdated drowned river mouth
- - 5
Hobuck Creek 48.336 2.3 0.0 0.0 0.0 0 Tidally restricted coastal creek?
(Coastal lagoon?)
Sooes River 48.324 107.9 0.0 0.50 0.07 056 Highly ”"er'domgnlifd drowned river
Ozette River 48.181 232.1 0.0 0.03 0.0 0.03 Tida$tricted coastal creek
Quillayute River 47.908 1,625.0 0.0 0.50 0.46 0.96| Highly ”"er'domgnlifd drowned river
Goodman Creek 47.823 81.7 0.0 0.03 0.0 0.03 Tinkadtal creek
Mosquito Creek 47.798 43.8 0.0 0.01 0.0 0.01 Tydabtricted coastal creek
Hoh River 47.749 773.4 0.0 0.11 0.73 0.8a | Highly ”"er'dorrg:)”lifd drowned river
Cedar Creek 47.711 26.9 0.0 0.02 0.0 0.02 Tidakyricted coastal creek
Kalaloch Creek 47.607 45.4 0.0 0.02 0.0 0.02 Tydadbtricted coastal creek
Queets River 47.544 1,166.3 0.0 0.60 0.84 1.43| Highly ”"er'dom)”lithed drowned river
Whale Creek 47.490 32.1 0.0 0.01 0.0 0.01 Tidastricted coastal creek
Raft River 47.463 204.0 0.0 0.17 0.07 0.24 Tidally restricted coastal creek
(Blind — Drowned river mouth)
Camp Creek 47.398 22.7 0.0 0.03 0.0 0.03 TidaByricted coastal creek
Duck Creek 47.387 18.4 0.0 0.01 0.0 0.01 Tidalgtrieted coastal creek?
Quinault River 47.349 1,133.7 0.0 0.42 0.24 0.66| Highly ”"er'dom)”lithed drowned river
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WATERSHED AREA (kn)
AREA TIDAL TOTAL

ESTUARY LATITUDE (k) MARINE | ESTUARINE | oVERINE | ESTUARY ESTUARY TYPE
Wreck Creek 47.284 17.9 0.0 0.01 0.0 0.01 Tidahtnicted coastal creek
Moclips River 47.248 84.2 0.0 0.08 0.02 0.10 Tidally restricted coastal creek

(Tidal coastal creek)

Joe Creek 47.206 60.8 0.0 0.05 0.0 0.05 Tidallyicted coastal creek
Boone Creek 47.159 20.3 0.0 0.01 0.01 0.01 Tidakyricted coastal creek
Copalis River 47.126 105.3 0.0 0.78 0.08 0.86| Moderately river-dominated drowned

river mouth
Conner Creek 47.091 36.9 0.0 0.17 0.0 0.17 Tidekyricted coastal creek?
Grays Harbor 46.950 6,981.3 0.0 254.39 8.34 262.78 T'de'dom'”a(tggrdgﬁ‘i’lvt;’ed river mouth
Willapa 46.373 2,774.5 0.0 389.74 1.12 390.86 T'de'dom'”a(tggrdgﬁ‘i’lvt;’ed river mouth
Loomis Lake Creek 46.490 5.6 0.0 0.01 0.0 0.01 hidastricted coastal creek
14,520.8 Highly river-dominated drowned river
Columbia River 46.263 | (to Bonneville 0.0 411.53 257.45 668.98 gnly o
Dam)
i : 2
Clatsop Spit* 46.277 0.7 0.0 0.08 0.0 0.08 Tidally restricted coastal creek?
(Tidal coastal lagoon?)
Moderately river-dominated drowned
Necanicum 46.011 216.8 0.0 1.57 0.06 1.63 river mouth
(Bar built)
Indian Creek 45.931 7.0 0.0 0.004 0.0 0.004| Tidally restricted coastal creek
(Tidal coastal creek)
Chapman Point 45,915 0.7 0.0 0.001 0.0 0.001 Tdaltricted coastal creek?
Ecola Creek 45.899 54.7 0.0 0.06 0.002 0.06 Tidakyricted coastal creek
' ' 2
Arch Cape Creek* 45.803 11.6 0.0 0.001 0.0 0001  Tdally restricted coastal creek:
(Tidal coastal lagoon?)
Cove Beach* 45.794 0.4 0.0 0.005 0.0 0.005 Tidatricted coastal creek?
Short Sand Creek* 45.760 14.9 0.0 0.002 0.001 0.0038 Tidally restricted coastal creek

Nehalem 45,658 2,215.2 0.0 10.43 1.23 11.65 Highly ”"er'dom)”lithed drowned river

Lake Lytle 45.636 7.4 0.0 0.0004 0.0034 0.004 Godagoon
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AREA (kn)

WATERSHED
AREA TIDAL TOTAL
ESTUARY LATITUDE (k) MARINE | ESTUARINE | oVERINE | ESTUARY ESTUARY TYPE
ROCké‘;’éi{(*BeaCh 45.613 2.2 0.0 0.0004 0.0 0.0004 Tidally restrictedstal creek
ROC"[";’QZ Clear 45.605 1.6 0.0 0.0005 0.0 0.0005 Tidally restritedstal creek
. Coastal lagoon
Smith Lake 45.596 9.2 0.0 0.009 0.005 0.015 (Tidally restricted coastal creek)
Tillamook 45.513 1,455.3 0.0 36.98 0.51 37.48 Tddeninated drowned river mouth
Netarts Bay 45.402 46.4 0.0 10.43 0.001 10.43 Bar b
Chamberlain Lake 45.308 0.5 0.0 0.04 0.0 0.04 @bksgoon?
Sand Lake 45.276 51.5 0.0 4.28 0.0 4.28 Bar built
Sears Lake 45.247 1.5 0.0 0.002 0.0 0.002 Coagjabh
Miles Creek 45.231 2.7 0.0 0.06 0.0 0.06 Tidalktrieted coastal creek
Nestucca 45.182 826.3 0.0 4.65 0.35 5.00| Highly ”"er'domgnlifd drowned river
Daley Lake* 45.124 5.1 0.0 0.001 0.0 0.001 Tidally restricted coastal creek
(Tidal coastal lagoon)
Neskowin Creek 45.100 53.3 0.0 0.009 0.005 0.014 dally restricted coastal creek
Moderately river-dominated drowned
Salmon 45.046 192.6 0.0 3.08 0.04 3.11 river mouth
(Bar built)
Siletz 44.903 954.8 0.0 7.48 1.38 g.ge | Moderately river-dominated drowned
river mouth
Schoolhouse Creek 44.873 2.9 0.0 0.01 0.0 0.01 _ Coastal lagoon
(Tidally restricted coastal creek)
Marine harbor/cove
Depoe Bay 44.808 134 0.0 0.04 0.0 0.04 (Drowned river mouth)
Yaquina 44.620 650.5 0.0 18.97 0.99 19.96 Tide-dated drowned river mouth
Beaver Creek 44,524 87.2 0.0 0.53 0.02 0.55 Tidalyricted coastal creek
Alsea 44.422 1,221.6 0.0 12.49 0.0 12.49| Moderately river-dominated drowned
river mouth
Big Creek 44.370 21.8 0.0 0.09 0.0 0.09 Tidallyrieted coastal creek
Yachats 44.309 112.8 0.0 0.11 0.0 0.11 Tidallyrietet coastal creek
Tenmile Creek North 44.225 60.6 0.0 0.04 0.0 0.04 idally restricted coastal creek
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AREA (kn)

WATERSHED
AREA TIDAL TOTAL
ESTUARY LATITUDE (k) MARINE | ESTUARINE | oVERINE | ESTUARY ESTUARY TYPE
Berry Creek 44.094 9.4 0.0 0.02 0.0 0.02 Tidally restricted coastal creek
(Tidal coastal creek)
Sutton Creek 44.060 38.5 0.0 0.15 0.0 0.15 Tidekyricted coastal creek
Siuslaw River 44.017 2,008.7 0.0 15.59 0.0 15.59 Moderately river-dominated drowned
river mouth
Siltcoos River 43.873 185.3 0.0 0.33 0.04 0.36 llydastricted coastal creek
Tahkenitch Creek 43.815 93.1 0.0 0.07 0.19 0.26 alliidestricted coastal creek
Umpgqua River 43.669 12,146.2 0.0 27.73 6.05 33.7¢ Highly ”"er'do:’n":)”lﬁfd drowned river
Tenmile Creek South 43.561 222.9 0.0 0.04 0.46 0.50 Tidally restricted coastal creek
Coos 43.429 1,575.5 0.0 54.20 0.70 54.90 Tide-datathdrowned river mouth
Sunset Bay 43.335 14.7 0.0 0.12 0.0 0.12 Marinkdréarove
Twomile Creek North|  43.236 8.9 0.0 0.0 0.0008 (8000 Tidal coastal creek
(no NWI estuarine polygon)
Coquille River 43.123 2,729.8 0.0 5.08 1.81 6.89 | Highly ”"er'do:’n":)”lﬁfd drowned river
Twomile Creek South 43.044 40.7 0.0 0.11 0.0 0.11 idallly restricted coastal creek
New River 43.001 329.0 0.0 1.63 0.04 1.67 Blindrevined river mouth
Sixes River 42.853 347.5 0.0 0.31 0.08 0.39 Blimdrewned river mouth
Elk River 42.793 236.4 0.0 0.51 0.16 0.66 Blind re®ned river mouth
Port Orford Head 42.746 0.3 0.0 0.01 0.0 0.01 Tidally restricted coastal creek
(Tidal creek)

Hubbard Creek* 42.734 17.5 0.0 0.01 0.0 0.01 Tydaktricted coastal creek
Brush Creek 42.685 28.5 0.0 0.02 0.0004 0.02 TidaBtricted coastal creek
Mussel Creek 42.616 26.6 0.0 0.02 0.0 0.02 Tidakyricted coastal creek
Euchre Creek 42.564 96.6 0.0 0.11 0.001 0.12 TMdeltricted coastal creek
Gregg Creek* 42.546 6.7 0.0 0.02 0.001 0.02 Tidaitricted coastal creek
Rogue River 42.422 13,500.9 0.0 1.32 1.44 2.77| Highly ”"er'dom)”ﬁthed drowned river
Hunter Creek 42.386 115.2 0.0 0.07 0.02 0.1 Tidalgricted coastal creek
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WATERSHED AREA (k)
AREA TIDAL TOTAL
ESTUARY LATITUDE (k) MARINE | ESTUARINE | oVERINE | ESTUARY ESTUARY TYPE
Myers Creek 42.307 14.7 0.0 0.02 0.0 0.02 Tidally restricted coastal creek
(Tidal coastal creek)
Pistol River 42.28 271.9 0.0 0.44 0.11 0.55 Blindrewned river mouth
Burnt Hill Creek* 42.232 7.0 0.0 0.004 0.0 0.004 ddlicoastal creek?
Cove g;?@ardma” 42.216 0.4 0.0 0.005 0.0 0.005 Tidally restrictedstal creek?
Thomas Creek* 42.166 7.0 0.0 0.01 0.0 0.01 Tida&btricted coastal creek
Whaleshead Creek* 42.144 0.0 0.0 0.02 0.0 0.02 [lyidsstricted coastal creek?
Chetco River 42.045 911.5 0.0 0.40 0.32 0.72| Highly ”"er'dopn":)”ifd drowned river
Winchuck River 42.005 184.6 0.0 0.09 0.03 0.12 @lnDrowned river mouth
Smith River 41.945 1,942.6 0.0 2.04 0.34 2.3g | Highly ”"er'do:’n":)”ifd drowned river
Lake Earl 41.826 73.1 0.0 9.01 0.0 9.01 Coastaldag
Crescent City Harbor 41.744 29.0 1.61 0.01 0.0 1.63 Marine harbor/cove
Klamath River 41.547 40,580.9 0.0 1.09 1.18 2.27| Highly ”"er'do:’n":)”ifd drowned river
Johnson Creek 41.463 1.4 0.0 0.01 0.0 0.01 Tidedtricted coastal creek
Ossagon Creek 41.442 25 0.0 0.01 0.0 0.01|  Tdally restricted coastal creek
(Coastal lagoon?)
Squashan Creek 41.389 0.9 0.0 0.01 0.0 0.01 Tidedlyicted coastal creek
Redwood Creek 41.292 731.7 0.0 0.22 0.09 0.30 Blibdowned river mouth
Freshwater Lagoon 41.269 5.5 0.0 0.0 0.0 0.0 Coastal lagoon
(permanently blocked)
Stone Lagoon 41.244 19.8 0.0 2.30 0.0 2.30 Colagiabn
Dry Lagoon 41.224 3.2 0.0 0.0 0.0 0.0 Blind — Tigledstricted coastal creek
Big Lagoon 41.174 136.4 0.0 5.03 0.05 5.09 Codatalon
Little River 41.027 117.3 0.0 0.06 0.0 0.06 Tidakgtricted coastal creek
Mad River 40.942 1,286.8 0.17 1.16 0.0 1.33| Highly ”"er'do:’n":)”ifd drowned river




6¢

AREA (kn)

WATERSHED
ESTUARY LATITUDE A(|<Rn|152)A MARINE | ESTUARINE RII/IEDQII?\IE E-IS-('I?EQEY ESTUARY TYPE
Humboldt 40.75 472.1 0.07 71.42 0.0 71.49 (Cogstra?faigoon)
Eel River 40.641 9,535.9 0.0 10.18 5.43 15.61| Highly ”"er'domnlithed drowned river
Guthrie Creek 40.542 22.6 0.0 0.005 0.0 0.005] Nidaktricted coastal creek
Bear River* 40.476 214.5 0.004 0.12 0.05 0.18 Tidally restricted coastal creek

(Blind — Drowned river mouth)




After the initial identification of major estuaringpes, hierarchical clustering based on group
averages (see Clarke and Warwick, 2001; McCunezade, 2002) was used to classify the
estuaries or watersheds based on similarities trane habitat or watershed land cover patterns,
respectively. The Bray-Curtis metric was usedhasmeasure of similarity in these analyses.
Clustering was conducted using both the absol@a af the NWI or land cover classes as well
as the relative proportions of the classes usirigaosformed data. When clustering variables
measured in different units (e.g., population, %peénvious surfaces), the data were normalized
by subtracting the mean from each value and digithynthe standard deviation to generate a
standard score, with Euclidean distance used asirttikarity metric. All clustering was
conducted with Primer6 (Clarke and Gorley, 2006:Hivww.primer-e.com/).

Two criteria were used to define estuary groupghénclustering analysis. The primary approach
was whether the cluster was significantly differgatm a random reordering of the data within
the branch in the dendrogram using the SIMPROFReRtimer6 (Clarke and Gorley, 2006).

By testing for differences within each branch inelegently, significant differences can occur at
different similarity levels in separate brancheshaf dendrogram, so that it is not necessary to
choose a single similarity level. Clusters of ass that were not significantly different were
not further divided regardless of the level of $amiy. A value of p=0.05 was used as the
default significance level though there is no iemereason that this value is the ecologically
“correct” level to identify groups of estuaries wiimilar functional attributes. Accordingly, we
evaluated a range of significance values (p = 0121, 0.40, 0.60) in the SIMPROF tests. As
the significance level is relaxed (i.e., p incredsa greater number of significant clusters wall b
generated and within-cluster similarity will incssathough there will be fewer estuaries or
watersheds per cluster. This sequential approemhdes flexibility in developing a
management framework, allowing managers to baldreextent of variability within estuary
groups versus the practical issues of increasiagtimber of groups. A secondary criterion to
defining groups was to combine estuaries withinttsach if similarity was high (>75% with
Bray-Curtis or <25% of the maximum dissimilarityttvEuclidean distance) even if the branch
showed a significant difference with SIMPROF. Whihis introduces a degree of subjectivity,
it eliminates the problem of generating numeroass#s that would likely require similar
management strategies.

While it would be desirable to have a single cliasation that captures all aspects of current
impacts and future vulnerability, the reality igtmultiple classification systems and approaches
are needed to address different scientific and gemant issues. For example, a classification
based on resource availability (e.g., extent ofamels) might group an estuary differently than
one based on loading (e.qg., land cover patternix. approach was to evaluate several
classifications schema both in this chapter an@hiapter 7 based on different biotic and
landscape attributes related to nutrient dynamiestuarine vulnerability. It should be
recognized, however, that any classification systbould be considered a hypothesis until it is
evaluated with independent datasets demonstratmtas estuarine responses, nutrient
dynamics, or vulnerability to increased loadings.

2.1.6 Ecological Resources in Pacific Northwest &Esiries

The ultimate purpose of this classification exexassto derive the insights required for the
efficient management of ecological resources in Pé8Maries. Different types of resources, for
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example salmonids and submerged aquatic vegetatietikely to respond differently to
nutrient enrichment, thus requiring different magragnt strategies. Additionally, the type and
extent of ecosystem services varies across essyaiech may suggest different management
prioritizations among estuaries. Thus, as pathigfeffort, a preliminary evaluation of the
general types of ecological services provided lhed the estuaries was summarized in
Table 2-3 and further discussed in Section 2.3.

One class of ecological services relates to tharoeoce of estuarine intertidal and subtidal
wetlands, which was evaluated using both the emérgetland and aquatic bed classes in NWI
and the 2001 NOAA land cover analysis. The irraguylflooded estuarine forest and shrub
classes were not included since these semi-taalesttland types are less vulnerable to
estuarine water quality. Three other important PN¥burces are oyster aquaculture, native
salmon runs, and native and migratory birds. Oyageaculture was evaluated from known
facilities as well as from state permits. The pres of current or historic salmon runs was
based on reports in the literature, while Lawsoal e{2004) provided the predicted number of
Coho smolts historically present for Oregon estsabased on a watershed model. Two
measures of an estuary’s importance to birds wéstiver the estuary had been classified as an
Important Bird Area (IBA) by the Audubon Society
(http://www.audubon.org/bird/iba/index.html) andether it is recognized as an important
shorebird site in the U.S. Shorebird Conservatilam For the Northern Pacific Coast (Drut and
Buchanan, 2000; http://www.fws.gov/shorebirdplamgi®ealShorebird/RegionalPlans.htm).
The final function considered, but not quantifiags recreational support. Recreational use of
PNW estuaries is primarily limited to boating, fis§), crabbing, and clamming, with relatively
little direct water contact.

2.2 Inventory of Estuaries on the Pacific Coast

The starting point of our comprehensive classiftrabof estuaries was to conduct an inventory
of the estuaries on the Pacific Coast. We fouatlttie Pacific Coast contains a surprisingly
large number of estuaries — 230 based on theionténat the waterbody contains an estuarine
NWI polygon and discharges directly into the oce@his number does not include subestuaries
within larger water bodies nor does it include 8teait of Juan de Fuca or Puget Sound. In
addition, there are several harbors and coastrsis that do not contain NWI estuarine
polygons but which fall within the size range oé ttpastal estuaries. Although not counted as
estuaries, these additional water bodies may pecstane of the same ecological functions as
similar sized estuaries. As a result of the 200VINpdate, the number of PNW estuaries
increased from 216 in the earlier report (Lee ¢t24l06) to 230 in the present analysis. The
number estuaries may continue to change as NWI@ddsletes estuarine polygons from the
smallest coastal waterbodies.

The naming convention used in this report is teréd a waterbody as an “estuary” if it consists
of multiple named embayments, rivers, or creeksdbastitute major geographic features. This
is to avoid confusion whether the name refers ¢oetiitire waterbody or a single component. For
example, “San Francisco Estuary” is used to reféhé combination of San Francisco Bay and
the Delta, including San Pablo Bay, Suisan Bay,@hdr components of the Delta. The use of
“San Francisco Bay” is restricted to identifyingthay proper. Similarly, we refer to the
“Yaquina Estuary” or “Yaquina Bay Estuary” rathbah “Yaquina Bay” because the estuary is
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Figure 2-6. Size distribution of all 230 coaststiuaries in California, Oregon, and Washington
(exclusive of Puget Sound) identified by the preseof a NWI estuarine polygon.
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Figure 2-7. Size distribution of the 103 PNW cahsttuaries identified by the presence of a
NWI estuarine polygon.
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Figure 2-8. Distribution of estuarine subtidal amrtidal habitats in the 103 PNW estuaries.
Intertidal habitat is defined as the sum of thegtriarly exposed, regularly flooded, and
irregularly flooded NWI estuarine and marine classe

composed of both Yaquina Bay proper and lower postiof the Yaquina River. Names of
waterbodies composed of a single named compongsit,as Beaver Creek, are not modified.

Estuaries on the Pacific Coast vary greatly in.siklke smallest is Liddell Creek in Southern
California (0.00017 ki) and the largest is the San Francisco Estuary6(88#). Most of the
Pacific Coast estuaries are small, with 171 (748&tjrig an estuarine area <1 k(figure 2-6).
Although there are numerous small estuaries, thedjuhe estuarine habitat is concentrated
within a few systems. The San Francisco Estuanyaias almost two thirds of the total

estuarine area on the Pacific Coast, exclusivaigéPSound, with the four largest estuaries (San
Francisco, Columbia River, Willapa Estuary, andyGrarbor) accounting for 88% of the
estuarine area.

A similar analysis for the PNW identified 103 cadsstuaries (see Figures 2-2 to 2-5) of which
Burnt Hill Creek and Rockaway Beach Creek are thalest (0.0004 ki Table 2-2). The
largest is the Columbia River Estuary with an @&@69 knf, of which 257 krfiis tidal riverine
habitat much of which is fresh. Most PNW estuaaessmall, with 59 (66%) of the estuaries <1
km? (Figure 2-7). Only the Columbia River, Willapadaiie Grays Harbor estuaries are larger
than 100 kri On an area basis, these three largest estaadesint for 79% of the total PNW
estuarine area, exclusive of Puget Sound. Iniatdid these estuaries defined by NWI, the
NOAA 2001 land cover survey identified four smalter bodies that they classified as
containing estuarine habitat but which did not aomt NWI estuarine polygon. These water
bodies are listed in Table 2-2 but were not inctushethe numerical tallies of estuaries or the
statistical analyses.

33



One prominent characteristic of PNW estuarieseg #xtensive intertidal area. The intertidal
area for the 103 estuaries was calculated as theofthe NWI estuarine polygons defined as
“irregularly exposed”, “regularly flooded” and “ggularly flooded”, which approximates tidal
heights from mean lower low water (MLLW) to meaglner high water (MHHW). Averaging
the NWI estuarine polygons across all of the PNWages, intertidal habitat constituted 52% of
the estuarine area (Figure 2-8). There is no gppgattern in the extent of intertidal habitatas
function of estuary size, with the percent inteatich the NWI estuarine habitats ranging from
about 39% to 57% across estuarine size classes.

2.3 Ecological Services of Small Pacific Northwes&istuaries

Estuaries smaller than about 1%an even less than 10 Krhave generally been excluded from
previous estuarine classification efforts. Forregke, the National Estuarine Eutrophication
Assessment (Bricker et al., 1999) included all 4Biaries in the PNW >10 Knbut only 4 of the
17 estuaries between 1 and 10°land none <1 kfa However, the large number of small PNW
estuaries (Figure 2-7) suggests that it was impottainclude them in the regional analysis for
several reasons. These smaller estuaries aretampdor native salmon, a critical regional
resource and management issue (Lackey, 2004; Lastkady, 20064, b). Forty-six of the 73
estuaries <1 kfhave reported salmon runs (Table 2-3). An anslysthe predicted historical
number of Coho smolts produced per watershed dlm@regon coast (Lawson et al., 2004)
indicated that the small estuaries produced a ptigpally greater number of smolts than the
larger estuaries when normalized to estuarine (&igare 2-9). Estuaries <1 Knvere
contributing about 8% to total Coho runs while asies <10 kriwere contributing about 24%.
These smaller coastal watersheds and estuariesls@agerve as a future refuge for wild salmon
with the increasing development and alteratiorheflarger estuaries and watersheds. Lackey et
al. (2006¢) suggest that the coastal rivers inf@alia, Oregon, Washington, and southern
British Columbia offer greater potential for pregag wild salmon runs than do the Sacramento-
San Joaquin, Columbia, and lower Fraser Rivergeglavhere the most expensive salmon
recovery efforts are now focused. In additiondren, small estuaries in Northern California
(e.g., Smith River and Stone Lagoon) provide alti@abitat for the endangered tidewater goby
(Eucyclogobius newberry{Federal Register, 2002; Ahnelt et al., 2004y arany of the smaller
estuaries provide habitat for resident and migyalinds (Table 2-3), including bald eagles and
brown pelicans.

In terms of other ecosystem services, severalettastal lagoons <10 Kroontain extensive
emergent wetlands (e.g., Big Lagoon, Lake Earl)evmany of the drowned river estuaries and
tidal creeks between about 0.5%and 10 krfialso contain considerable wetlands (Table 2-3).
The wetlands in these small estuaries are likepyoirtant for coastal and migratory birds and to a
limited number of brackish water fishes such adittewater goby. Among the smallest
estuaries (<0.1 kfnonly 7 of the 50 contain any emergent wetlandsencontain any aquatic
beds (Table 2-3), and these smallest estuaridgtiaitilized by recreational crab or clam
species. Thus, the ecosystem services providéadsg smallest estuaries appear to be related
to supporting wild salmon runs, recreation, andhpps as bird habitat. These smallest estuaries
and their associated rivers and creeks may alsoda@conomic benefits in terms of increased
property value, though we made no attempt to estirtings.
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Table 2-3. Examples of ecological resources andcgs in PNW estuaries. Estuarine emergent walamd aquatic beds from the
NWI are the sums of classes with “EM” or “AB” codesspectively. The estuarine emergent wetlandagdtic beds from NOAA
are areas for these two land cover classes. “BsAraa” is the sum of the NWI estuarine, marinag &idal riverine areas (see Table
2-2). “Oyster culture” indicates whether thereasnmercial oyster aquaculture or whether thergoarmits to allow oyster
aquaculture. “Salmon present” indicates whethkenga are currently or have historically been repdifrom the estuary or from the
streams and rivers flowing into the estuary. “MN?0sed to indicate estuaries where we suspecbsahnme absent based on estuary
size or other landscape attributes while “?” intheghat we are unaware of any reports of salmmn that estuary. The “# smolts”
is the historical potential number of Coho smolesdicted to have occurred within Oregon estuatiasvéon et al., 2004). The five
italicized water bodies are those that have aragsiemergent wetland or estuarine aquatic begypalin the 2001 NOAA land
cover analysis (see Table 2-2) but do not have d éBivarine polygon. SCP = listed as importa®t isithe Shorebird Conservation
Plan with sites marked with an asterisk (*) supipgrt 4000 birds. IBA = Important Bird Areas. NA = Haty not identifiable in
NOAA dataset.

ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER| SALMON BIRD
AREA ESTUARINE ESTUARINE ESTUARINE ESTUARINE CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(km?) (km?) (km?) (km?) (km?)
Waatch River 1.16 0.93 0.0 0.0 0.0 N Y
Hobuck Creek 0.0 0.0 0.0 0.003 0.0 N Y
Sooes River 0.56 0.17 0.0 0.01 0.0 N Y
Ozette River 0.03 0.0 0.0 0.0 0.002 N Y
Quillayute River 0.96 0.05 0.0 0.03 0.002 N Y
Goodman Creek 0.03 0.0 0.0 0.0 0.0 N Y
Mosquito Creek 0.01 0.0 0.0 0.0 0.0 N Y
Hoh River 0.84 0.0 0.0 0.004 0.001 N Y
Cedar Creek 0.02 0.0 0.0 0.0 0.0 N Y
Kalaloch Creek 0.02 0.0 0.0 0.002 0.0 N Y
Queets River 1.43 0.15 0.0 0.09 0.01 N Y
Whale Creek 0.01 0.0 0.0 0.0 0.0 N Y
Raft River 0.24 0.08 0.0 0.002 0.002 N Y
Camp Creek 0.03 0.0 0.0 0.002 0.0 N Y
Duck Creek 0.01 0.0 0.0 0.0 0.0 N Y
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ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER SALMON BIRD
AREA ESTUARINE | ESTUARINE ESTUARINE ESTUARINE | CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(km?) (km?) (km?) (km?) (km?)
Quinault River 0.66 0.01 0.0 0.003 0.01 N Y
Wreck Creek 0.01 0.0 0.0 0.001 0.0 N Y
Moclips River 0.10 0.003 0.0 0.0 0.0 N Y
Joe Creek 0.05 0.0 0.0 0.002 0.0 N Y
Boone Creek 0.01 0.0 0.0 0.004 0.0 N ?
Copalis River 0.86 0.40 0.0 0.001 0.0 N Y
Conner Creek 0.17 0.0 0.0 0.0 0.0 N Y
Grays Harbor 262.73 15.24 147.59 11.98 1.11 Y Y SPC
Willapa 390.86 39.44 181.47 29.04 2.67 Y Y SPC*
Loomis Lake Creek 0.01 0.0 0.0 0.06 0.003 N N?
Columbia River 668.98 28.63 4.07 18.99 0.79 N Y IBA
Clatsop Spit 0.08 0.06 0.0 NA NA N N
Necanicum 1.63 0.42 0.0 0.01 0.06 N (68;(,000) IBA
Indian Creek 0.004 0.0 0.0 NA NA N (1\60)
Chapman Point 0.001 0.0 0.0 NA NA ?
Ecola Creek 0.06 0.02 0.0 0.0 0.001 N (72\,(000)
Arch Cape Creek 0.001 0.0 0.0 NA NA N N?
Cove Beach 0.005 0.002 0.0 NA NA N N?
Short Sand Creek 0.003 0.0 0.0 NA NA N N?
Nehalem 11.65 2.34 0.14 2.76 0.02 N (3'33?6'000) SPC
Lake Lytle 0.004 0.0 0.0 NA NA N ?
ROCkg"rV;‘ngeaCh 0.0004 0.0 0.0 NA NA N N?
Rockaway Clear |, n05 0.0 0.0 NA NA N N?
Lake
Smith Lake 0.015 0.0 0.0 NA NA N ?
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ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER SALMON BIRD
AREA ESTUARINE ESTUARINE ESTUARINE ESTUARINE CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(km?) (km?) (km?) (km?) (km?)
. Y *
Tillamook 37.48 4.29 0.02 451 0.50 Y (3,288,000) SPC*/IBA
Y *
Netarts Bay 10.43 1.07 2.60 1.16 0.89 Y (15,000) SPC*/IBA
Chamberlain Lake 0.04 0.0 0.0 NA NA N ?
Y
Sand Lake 4.28 2.37 0.07 3.19 0.02 N (123,000
Sears Lake 0.002 0.0 0.0 NA NA N ?
Miles Creek 0.06 0.0 0.0 NA NA N ?
1.14 0.36 Y
Nestucca 5.00 0.88 0.09 N (1,037,000) IBA
Daley Lake 0.001 0.0 0.0 NA NA N N?
. Y
Neskowin Creek 0.014 0.0 0.0 0.002 0.0 N (49,000)
. Y
Salmon River 3.11 2.13 0.004 2.54 0.0 N (168,000) IBA
. . Y
Siletz River 8.86 2.16 0.0 1.54 0.45 N (1,217,000) SPC/IBA
Y
Schoolhouse Cree 0.01 0.0 0.0 0.0 0.0018 N (2,000)
Y
Depoe Bay 0.04 0.0 0.0 0.002 0.0 N (7,000)
. Y *
Yaquina 19.96 3.03 3.65 1.11 0.72 Y (1,217,000) SPC*/IBA
Y
Beaver Creek 0.55 0.42 0.0 0.03 0.01 N (265,000)
N
(under Y
Alsea 12.49 2.49 3.25 2.43 0.99 consider- | (1,628,000) SPC/IBA
ation)
Big Creek 0.09 0.08 0.0 NA NA N Y
. Y
Yachats River 0.11 0.0 0.02 0.0 0.0 N (110,000)
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ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER SALMON BIRD
AREA ESTUARINE ESTUARINE ESTUARINE ESTUARINE CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(km?) (km?) (km?) (km?) (km?)
Tenmile Creek Y
North 0.04 0.02 0.0 0.0 0.0 N (28,000)
Berry Creek 0.02 0.0 0.0 0.0 0.0 N (54Y000)
Sutton Creek 0.15 0.0 0.03 0.0 0.01 N (84Y000)
Siuslaw River 15.59 3.32 1.30 1.14 0.09 Y @ 67\21 000) SPC/IBA
Siltcoos River 0.36 0.08 0.0 0.0 0.06 N (771000) IBA
Tahkenitch Creek 0.26 0.0 0.0 0.001 0.07 N (22&:000) IBA
Umpqua River 33.78 3.18 0.07 1.43 0.94 ar 19\; o) [BA
Tenmile Creek Y
South 0.50 0.01 0.0 0.0 0.01 N (525,000)
Y N
Coos 54.90 7.28 5.98 491 4.20 Y (2,058,000) SPC*/IBA
Sunset Bay 0.12 0.0 0.0 NA NA N ?
Twomile Creek | 54g 0.0 0.0 0.01 0.0 N?
North
. . Y *
Coquille River 6.89 1.07 0.06 1.38 0.17 N (4,169,000) SPC*/IBA
Twomile Creek Y
South 0.11 0.01 0.0 0.02 0.0 N (134,000)
New River 1.67 0.48 0.0 0.27 0.02 N (3925(000) SPC/IBA
Sixes River 0.39 0.03 0.0 0.05 0.0 N (37;000)
Elk River 0.66 0.05 0.0 0.01 0.0 N Y
Port Orford Head 0.01 0.0 0.0 NA NA N ?
Hubbard Creek 0.01 0.0 0.0 NA NA N ?
Brush Creek 0.02 0.0 0.0 0.0 0.0 N Y
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ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER| SALMON BIRD
AREA ESTUARINE ESTUARINE ESTUARINE ESTUARINE CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(k) (km?) (km?) (km?) (km?)
Mussel Creek 0.02 0.0 0.0 0.02 0.0 N Y
Euchre Creek 0.12 0.02 0.0 0.08 0.0 N Y
Greggs Creek 0.02 0.002 0.0 NA NA N ?
Rogue River 2.77 0.06 0.0 0.25 0.10 N Y
Hunter Creek 0.10 0.0 0.0 0.01 0.0 N Y
Myers Creek 0.02 0.0 0.0 0.0 0.0 N Y
Pistol River 0.55 0.01 0.0 0.14 0.0 N Y
Burnt Hill Creek 0.004 0.0 0.0 NA NA N N
Cove ifaﬁﬁardma” 0.005 0.0 0.0 NA NA N
Thomas Creek 0.01 0.0 0.0 NA NA N ?
Whaleshead Creel 0.02 0.0 0.0 NA NA N ?
Chetco River 0.72 0.01 0.0 0.03 0.01 N Y
Winchuck River 0.12 0.004 0.0 0.05 0.0 N Y
Smith River 2.38 0.07 0.0 0.56 0.0 N Y
Lake Earl 9.01 0.0 9.01 431 0.0 N Y
Cre:;fggrc'ty 1.63 0.0 0.0 0.0 0.0 (Pe\r(mits) No?
Klamath River 2.27 0.03 0.0 0.01 0.005 N Y
Johnson Creek 0.01 0.0 0.0 0.0 0.0 N
Ossagon Creek 0.01 0.0 0.0 0.0 0.0 N ?
Squashan Creek 0.01 0.0 0.0 NA NA N ?
Redwood Creek 0.30 0.0 0.0 0.18 0.0 N Y
Freshwater Lagoon 0.0 0.0 0.0 0.10 0.0 N No
Stone Lagoon 2.30 0.0 0.0 0.08 0.0 N Y
Dry Lagoon 0.0 0.0 0.0 0.12 0.0 N No?
Big Lagoon 5.09 0.0 5.03 0.57 0.0 N Y
Little River 0.06 0.0 0.0 0.14 0.0 N Y
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ESTUARY ESTUARY NWI NWI NOAA NOAA OYSTER| SALMON BIRD
AREA ESTUARINE ESTUARINE ESTUARINE ESTUARINE CULTURE| PRESENT| HABITAT
EMERGENT | AQUATIC BED EMERGENT AQUATIC BED (# SMOLTS
WETLAND WETLAND
(km?) (km?) (km?) (km?) (km?)
Mad River 1.33 0.02 0.0 0.33 0.0 N Y
Humboldt 71.49 3.93 19.82 9.35 0.0 Y Y IBA
Eel River 15.61 1.68 0.06 4.95 0.002 N Y
Guthrie Creek 0.005 0.0 0.0 0.0 0.0 N Y
Bear Creek 0.18 0.0 0.0 0.003 0.0 N ?
TOTAL 1677.44 128.22 384.34 111.15 14.31 10Y 67Y
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Figure 2-9. Distribution of the projected histalioumber of Coho smolts by estuary size
classes in 29 Oregon estuaries. Coho smolt data fiawson et al. (2004; see Table 2-3).

The final reason for the inclusion of these smaitev bodies is that they are likely to require
different management strategies. Factors sucheassmaller volumes, differences in seasonal
and tidal variability in exchange and salinity, atifferent biotic communities are all likely to
result in different exposures and vulnerabiliti€esearch focused on these largely ignored small
systems is required to better understand how tinegtiion, but it is possible to speculate that
their small size makes them more vulnerable taaoettpes of stressors while at the same time
offering greater opportunities for cost-effectiv@fgction and/or mitigation efforts

2.4 Classification by Geomorphology and Oceanic Ekange

The 103 PNW estuaries were initially separated lomt@ad classes based on the potential extent
of oceanic exchange, a fundamental feature afigetitnerability to terrestrial nutrient loading.
Since residence times are not available for mottege waterbodies, we qualitatively estimated
relative oceanic exchange from estuarine geomooglydbased on the literature, aerial
photographs, and personal observations. Photoigraptirces included the aerial photographs
taken by the Pacific Coastal Ecology Branch (PC&f& Chapter 6) as well as online sources
including the Oregon Coastal Atlas (http://www.dadetlas.net), high resolution (1:12,000)
panchromatic imagery commercially available thro®bbeExplorer ™, Terraserver
(http://www.terraserver.com), GoogleEarth (httpuiw.google.com), Washington Coastal Atlas
(http://www.ecy.wa.gov/programs/sea/SMA/atlas_hdmmel), Washington’s Department of
Ecology Washington Shoreline Aerial Photos (htimp's.ecy.wa.gov/shorephotos/index.html),
and the California Coastal Records Project (httpuit.californiacoastline.org/). Additionally,
the NWI coverages were used to evaluate the owseddirbody shape and structure.
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It is important to recognize that many estuariespldy characteristics of several
geomorphological classes so assigning an estuargitagle class is somewhat artificial. In
recognition of this gradation, alternate classtfas are given when appropriate. To the extent
practical, an estuary’s structure and dynamics Ishioel considered as well as its classification
when assessing vulnerability or developing a mamage strategy.

2.4.1 Coastal Lagoons and Blind Estuaries

We identified two types of moderate to large esasawith restricted exchange. The first are
coastal lagoons, defined here as coastal wateebdatated behind berms with NWI estuarine
polygons that are only intermittently open to tloean. For example, some Southern California
lagoons remain open only about a third of the tf{Elevany et al., 1998). Coastal lagoons can
breach during storms, after periods of heavy @ihnong-shore movement of dune sand (Elwany
et al., 1998). Coastal lagoons are also artificiateached, especially in California, to increase
circulation, improve water quality, and reduce tow (e.g., Williams et al., 1999; Merritt Smith
Consulting, 1999). We classified eight PNW watedibs as coastal lagoons (Table 2-2). The
largest of these is Lake Earl while the smalleghésSears Lake.

The second type of waterbody with restricted oaearchange is the blind or intermittent
estuary. Mouths of blind estuaries periodicallysel due to the formation of an ephemeral berm.
The mouth of a blind estuary may not close evegr yeut closure is frequent enough to be a
regular characteristic of the system. Blind esasaare more common in the southern portion of
the Pacific coast, with many of the smaller soutl@alifornia estuaries closing during the late
summer and early fall before the rains. We sepaiitd estuaries from coastal lagoons based
on these attributes: blind estuaries are openet@tiean more frequently than lagoons; there
appears to be more among-year variation in blindee®s whether the mouth closes; and blind
estuaries tend to have a more riverine shape cauphe more “pond” or “lake” shape of
lagoons that often run parallel to the dunes. Sudlstinction is also made with the South
African “Temporarily Open/Closed Estuaries” (TOCthich are divided into “Intermittently
Closed Estuaries” (ICEs), which have a connectiotiné ocean more than 50% of the time, and
“Intermittently Open Estuaries” (IOEs), which alesed to the ocean more than 50% of the time
(Whitfield and Bate, 2007).

Based on the aerial photographs, literature (Bgitom et al., 1979; Cortright et al., 1987), and
online sources (http://www.coastalatlas.net), $iW\Pwaterbodies were classified as blind
(Table 2-2). The smallest is the Winchuck Riverl/the largest is the New River. Note that
this count of blind estuaries does not includetitiely restricted coastal creeks discussed below
that may also periodically close off at the mouth.

With both lagoons and blind estuaries, closuréefrhouth eliminates any direct flushing with
the ocean though there may be subsurface flow leettee estuary and the ocean. The absence
or greatly reduced exchange during closure caritrieslow dissolved oxygen, extended periods
of low salinity at least at the surface, increassdperatures, and stratification. Fish kills have
been reported during periods of closure in blind&ses in Oregon due to the ponding of
freshwater (Clifton et al., 1973 in Bottom et 49,79). Blooms of nuisance algae can occur
during periods of closure (e.g., John Gilchrist &sAciates and Fall Creek Engineering, Inc.,
2005). Five dogs died after swimming in Big Lagaor2001, which was attributed to exposure
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to toxic blue green algae resulting from warm weatind the heavy nutrient load caused by the
lack of winter breaching (Humboldt County Dept. Hledduman Ser., 2005). Bottom dissolved
oxygen in the Mattole River in northern Califorpiariodically decreased below 6 mbdfter
“permanent lagoon formation” and occasionally degpp 4 mgt, though interestingly the
lowest dissolved oxygen levels occurred two weesre the estuary closed off (Zedonis et al.,
2008). Salinity in these restricted waterbodias wary drastically depending upon the extent of
breaching. When closed for extended periods, sufitteese waterbodies can transform into
freshwater systems. The Mattole River becameshivater lagoon after the closure of the
mouth (Busby, 1991). Similarly, our measuremefitsadinity in the New River ranged from O

to 1.6 psu in the summer of 2003 (H. Lee II, unpidia).

As a class, both the lagoonal systems and blinchgst are highly vulnerable to nutrient
enrichment during periods of restricted oceanichexge. However, both lagoons and blind
estuaries experience dramatic among-year and sdaswiability in flushing and corresponding
variation in water quality and salinity, confoungihow to manage these systems. One strategy
is to assume “worst case” scenarios of restrictdalarked ocean access. Since salmon are
present in many of these systems, an appropriaefiol use defined in Oregon for these
estuaries is to support “Resident Fish and Aquate; Salmonid Spawning & Rearing”. The
dissolved oxygen threshold for this beneficial ils®regon for estuaries is 6.5 nif |
(http://www.sos.state.or.us/archives/rules/OARs /G@MR_340/340_041.html). In addition, the
Oregon narrative criteria states that “where a $&#3sgent natural condition of water of the State
exceeds the numeric criteria ... the natural condlisiopersedes the numeric criteria and
becomes the standard for that water body.” Dissblwygen levels of > 6.5 mg may be

difficult to obtain during periods of restrictedifhing especially in the lagoonal systems. One
management option is to artificially breach therieas, though that may result in other impacts,
such as the premature flushing of salmon smolts.

2.4.2 Tidal Coastal Creeks/Tidally Restricted Codal Creeks

Tidal coastal creeks are creeks or streams diselgadiyectly into the ocean and which
experience input of ocean water at least during hide. These systems are the smallest type of
“estuary”, some of which are essentially freshwatezams with a limited area influenced by
ocean waters. However, the hydrodynamics of tegseems appears to be more complex than
their small size suggests. Based on field obsemn&bn a few coastal creeks and analysis of
aerial photographs, most have restricted connextioth the ocean during a portion of the year.
We refer to these as “tidally restricted coastak&s” which are defined by having one or more
of the following characteristics at least interemittly: 1) there is a narrowing of mouth from sand
movement sufficient to restrict exchange with theam; 2) formation of a berm that closes the
mouth, separating the creek from the ocean; dn€ktis a development of a sill near the mouth
sufficient to restrict exchange with the ocean.

We tentatively identified 55 waterbodies as tidadstal creeks in the PNW, ranging from
Chapman Point Creek (0.001 Rno Beaver Creek (0.55 Kin(Table 2-2). Analysis of aerial
photographs suggests that most of these systemadihated exchange during portions of the
year, and 53 are tentatively considered tidallyrieed coastal creeks. There is no clear
demarcation between the larger tidally restrictealstal creeks and the tidal rivers. For example,
Bear River was classified as a tidally restrictedstal creek though it alternatively could be
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classified as a blind drowned river mouth estug@gveral of the smaller tidal rivers in
Washington, including the Waatch, Hoh, Quinaultp&) and Quillayute, have partially
restricted mouths and may represent the trandigween the tidally restricted coastal creeks
and blind drowned river mouth estuaries. Parhefdifficulty in cleanly separating these
systems is the paucity of studies on the estuaegenents of tidal creeks. Even a relatively
small field effort evaluating salinity patterns amduth constrictions across a suite of tidal
creeks would greatly promote our understandindneir tdynamics.

Based on our present knowledge, flushing is presuimée very high in estuarine portion of
tidally restricted coastal creeks when they arenppad salinity near the mouth is likely to
undergo extreme tidal and seasonal fluctuations.indication of the extent of these salinity
variations can be found in the larger drowned rimeuth estuaries, where salinity at the mouth
can vary by more than 20 psu over a tidal cyclgyfas 4-8 and 4-9), and median salinity near
the mouth of highly river-dominated systems cary\®r 20 psu seasonally (Figure 2-11). We
suspect that salinity near the mouth of the tideéks can cycle from essentially marine to fresh
over a tidal cycle during the periods when theyaggen. During such periods, this high tidal
exchange reduces the accumulation of terrestrigiwed nutrients in the “estuarine” segments
of these waterbodies. However, these extremeityalinctuations also limit the ability of all but
the most euryhaline species to survive. A poss#flection of this salinity stress is the paucity
of estuarine emergent wetlands and aquatic betitdaihcoastal creeks <0.1 Krfirable 2-3).

During other periods, restriction near the mouthité exchange in these tidal creeks. If the
restriction is of sufficient duration, the “estuaaf portion of tidal creeks may develop low
dissolved oxygen conditions. Additionally, an omgpstudy of the Yachats River indicates that
the formation of a sill near the mouth restrictsleange with the ocean to the spring high tides,
essentially acting as a micro-fjord (C. Brown, ublghed data). This oceanic water advected
during spring tides can form localized pockets @per, saline waters below a freshwater
surface layer. With no or minimal exchange or twer, the dissolved oxygen in these saline
pockets declines until the next spring tide orrstoQualitative observations on other tidal
creeks suggests that the Yachats River is not erigiis structure; thus a number of tidally
restricted coastal creeks may have localized arlasttom water with low dissolved oxygen
during a portion of the month.

While there are uncertainties about the dynamidscéassification of these coastal creeks, we
suggest that as with blind estuaries these systemld be managed on a “worst case” scenario.
The most sensitive resource is likely to be thejule salmon that utilize many of these systems
(Table 2-3). In these cases, the Oregon dissaxgden standard of 6.5 m{ |
(http://www.sos.state.or.us/archives/rules/OARs /G@MR_340/340_041.html) would be an
appropriate criterion, except for when natural ¢bods prevent attainment of this standard. An
ongoing study of Yachats indicates that dissolweghen conditions fall below 6.5 mg |
periodically in pockets of bottom water “trapped/ tatural processes. The lack of typical
“estuarine” resources and salmon in many of theaests smaller than about 0.01 ksuggests
that the application of estuarine criteria may lm@the best approach to their management. In
fact, the smallest estuarine polygon in a tidakkreras only 35 m long, making application of
estuarine criteria to this system dubious. A npeetical strategy may be to manage the
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freshwater component of these systems and/or iy apman health end-points, such as water
contract criteria for fecal coliforms, to the wadatvected onto the beach.

2.4.3 Marine Harbors/Coves

At the opposite extreme of these restricted estgathere is a group of coastal waterbodies that
has an unobstructed connection with the oceanmaittiively small freshwater inflow. These
systems are separated as marine harbors/coveasandass should have a relatively low
vulnerability to terrestrial nutrient loadings. $&a&l on analysis of photographs and preliminary
field observations, two coastal waterbodies fal itnis class - Sunset Bay and Crescent City
Harbor. A third system, Depoe Bay, the “world’sadl@st harbor”, is tentatively classified as a
marine harbor/cove. With a mouth width of aboun2&ers, Depoe Bay is less open to the
ocean than either Sunset Bay or Crescent City, hemi2epoe Bay appears to be relatively well
flushed. With an open connection to the oceanliamted freshwater input, salinities in these
systems will tend to remain high and undergo smétal and seasonal variations than the
drowned river mouth estuaries.

2.4.4 Drowned River Mouth and Bar-Built Estuaries

The remaining 31 estuaries can be split into tweega classes based on geomorphology. The
first are bar-built estuaries, which are formed whbeean currents and wind form coastal dunes
that trap estuarine water behind them. Bar-bsiii&ies resemble lagoonal systems in having
low freshwater inputs but differ in having greagégchange with the ocean. The two generally
recognized bar-built estuaries in the PNW are NeBay and Sand Lake. We classify a third
estuary, the Humboldt Estuary, as bar built. Thotng Humboldt has been considered a
drowned river mouth estuary (e.g., Rumrill, 199&)re is no major river discharging into the
estuary. More appropriately, Emmett et al. (20€8a3sified the Humboldt as a lagoon, and these
authors pointed out that many lagoons are closéaetocean during a portion of the year. The
difficulty with classifying Humboldt as a lagoontisat it has permanent jetties maintaining an
open connection with the ocean. Therefore, we esigtyat with its current configuration the
Humboldt more closely resembles a bar-built estuary

The second class is the drowned river mouth estsianihich include 28 PNW estuaries.
Drowned river estuaries were created by floodingwar valleys as sea level rose during the
Holocene marine transgression after the last iceadgut 10,000 years ago (Emmett et al.,
2000). Drowned river mouth estuaries constitueeléingest estuaries in the PNW, including the
Columbia River, Willapa Estuary, and Grays Harbalthough formed by flooding of river
valleys, the geomorphology and size of many ofdifzevned river mouth estuaries in the PNW
are influenced by the formation of ocean-built bafse drowned river mouth estuaries with
prominent ocean bars share characteristics witlbb#irestuaries, and some authors have
classified them as bar built. For example, Willapa Grays (Seliskar and Gallagher, 1983) as
well as the Salmon River (http://www.coastalatlas).imave been classified bar-built estuaries.
While recognizing the importance of these oceas tmtheir dynamics, we classify these
systems as drowned river mouth estuaries basedobdtieir historic formation and the presence
of one or more moderate to large sized rivers digghg into the estuary.
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2.4.4.1 Tide- and River-Dominated Drowned River Moth Estuaries

Drowned river mouth estuaries vary in the exteat their geomorphology and flushing are
driven by tidal versus fluvial processes. For eglamnthe Columbia River and Rogue River are
considered to be strongly influenced by river fl®ortright et al., 1987; McCabe et al., 1988)
while Willapa has relatively little freshwater inpor its size. While categorization of systems
like the Columbia and Willapa is relatively straifginward, the difficulty comes in classifying
the full suite of PNW estuaries without rigorougenia. The Australians separate the two types
of systems depending upon whether river or tideggnlominated the evolution” of the estuary
(http://dbforms.ga.gov.au/www/npm.Ozcoast.glosgafype=Audit). In a similar vein, Elliott
and McLusky (2002) define river-dominated estuaaigsnicrotidal systems where rivers
provide the majority of the sediment and tide-daateal estuaries as macrotidal systems where
“there is a steady infilling of sediment providegdidfering times from the sea and from the
river.” Such geologically based definitions helghiight the factors driving the formation of an
estuary but they provide little insight into fluebgi nutrient retention, or salinity patterns.

A more relevant approach to assessing estuarimerability to nutrient enrichment is to
separate tide- versus river-dominated systems baséuk relative extent of freshwater flow
through the estuary. To capture this relative inpe propose “normalized freshwater inflow”
metrics. The first step in generating these meisgdo calculate the total average annual volume
of rainfall over the entire watershed using thecgiéation data in PRISM
(http://prism.oregonstate.edu/; Daly et al., 200u)ich has records from 1971 to 2000. This
volume represents the total amount of freshwateimging on the watershed, which then
evaporates, percolates into the soil, or runsméf the estuary. As a first-order simplification,
we assume that evaporation and percolation ardesiemnong PNW watersheds, so that a
similar fraction of the rainfall ultimately flowsio each of the estuaries. Thus, this total volume
of precipitation is a relative measure of the agerannual freshwater flow into the estuary.
Once in the estuary, this freshwater inflow mixethwcean water transported into the estuary
with the extent of mixing dependent, in part, ugstuary volume. Therefore, the next step is to
normalize the total annual precipitation®(of freshwater per year) by the total volume of the
estuary (m). This metric has units of yehand is referred to as the annual “volume-normellize
freshwater inflow”. Higher values of this metridinate a more freshwater (river) dominated
system. Among the 17 PNW estuaries where bathynmeeavailable, the volume-normalized
freshwater inflow varies from 4 yeéain the Humboldt Estuary to 2501 y&an the Rogue River
(Table 2-4). Because bathymetry is not availabtenfost PNW estuaries, we developed an
alternative approach of normalizing the total alpuecipitation by estuarine area. This annual
“area-normalized freshwater inflow” metric has grof n? of freshwater per frof estuary per
year and is directly related to the volume nornealizalues (Figure 2-10). Since it is available
for all the estuaries, we use the area-normalizetlicras our approach to ranking estuaries by
the extent of riverine influence.

Advantages of these watershed-scale metrics diviraer input compared to flow data from
gauged stations are that they integrate precipitaiver the entire watershed rather than
measuring flow in a single or limited number obtriaries, they can be calculated for estuaries
that are not gauged, and they can be linked toatérahange scenarios to predict altered
freshwater inflow under different precipitation iegs. Advantages over simply using the ratio
of the drainage area to the estuary size arelieatdarmalized freshwater inflow metrics capture
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Table 2-4. Freshwater sources into estuaries, alared freshwater inflow, mouth width, and struetof mouth for drowned river
mouth and bar-built estuaries in the PNW. Bartlmstuaries are italicized. Estuaries with areanatized freshwater inflows less
than 175 mm? yeaf* are classified as tide dominated and estuaridsgvitater values are classified as river dominafétk river-
dominated estuaries are further subdivided intglilyi river-dominated systems” (dark gray) with aneamalized freshwater inflow
values 400 n? m? yeaf' and “moderately river-dominated systems” (lighayrwith values 375 nt m? yeai* and <400 mm?
yeaf’. Estuarine volume obtained from http://ian.umeesineea/ with the exception of Salmon River whiels from Johnson and
Gonor (1982). The estimates for the normalizeshineater inflows for the Columbia River are basedh@hannual river discharge
versus the total volume of precipitation in the @vahed and are not directly comparable to the galuthe other estuaries.

NORMALIZED FRESHWATER

0]

MOUTH
MAJOR FRESHWATER INFLOW
ESTUARY SOURCES AREA VOLUME WI(%';H ESTUARY MOUTH STRUCTURE
NORMALIZED | NORMALIZED
(m® m? year') (year?)
Jetties on both side of the mouth. Note:
Columbia Columbia River and multiple creeks 370 86 5038 Freshwater inflow based on river discharg
and not precipitation.
Mouth constrained by bluffs to the north
Klamath Klamath River 18,082 2435 350 and south. Dunes may constrict mouth
width.
: Jetties on both side of the mouth. Mouth
REE e SRy . 2 may have migrated before jetties.
Quinault Quinault River 6,286 38 a':;fgg;’:tt;i't”;g:ft’#uﬂhe el U,
; villayute River and Jetties on both side of the mouth. Dunes
QuilEgES Qz subysidiary creeks S22 220 direct estuary northward of mouth.
Chetco Chetco River 3,771 78 Jetties on both sides of the mouth.
Mouth constrained by bluffs to the north
Hoh Hoh River 3,468 28 and south. Dunes may constrict mouth
width.
Dunes may constrict mouth width. Forms
Queets Queets River 2,796 70 dendritic channels behind dunes and dire¢
estuary northward of mouth.
Smith (CA) Smith River and 2159 110 Mouth constrained by bluffs to the north.

1 subsidiary creek

Dunes direct estuary southward of mouth
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NORMALIZED FRESHWATER

th.

th.

MOUTH
MAJOR FRESHWATER INFLOW
ESTUARY SOURCES AREA VOLUME WI(%;H ESTUARY MOUTH STRUCTURE
NORMALIZED | NORMALIZED
(m® m? year') (year?)
Dunes direct estuary southward of mouth
Mad Mad River 1,779 137 and form a “lagoon” to the north qf the
current mouth. Mouth may occasionally
close .
Eel River and several subsidiary Forms dendritic channels behind dunes.
=2 creeks =Bl 2 el Dunes direct estuary northward of mouth.
Coquille Coquille River 695 143 175 Jetties on both side of the mouth.
Dunes direct estuary southward of mouth
Sooes Sooes River 539 50 Mouth constrained by land to north and
south.
Nehalem Nehalem River 499 293 180 Jgtties on both side of the mouth. Dunes
direct estuary northward from mouth.
Umpqua Umpgua River and Smith River 484 219 425 Jetties on both side of the mouth.
Nestucca l_\lestucca River {_;md 420 110 Dunes direct e_stuary northward from mou
Little Nestucca River Mouth constrained by land to the south.
. Necanicum River, Neawanna Cree Dunes direct estuary northward and then
Necanicum T 387 60
and several subsidiary creeks southward from mouth.
Copalis Copalis River and Cedar Creek 318 20 Dunes direct estuary southward of mouth
_ Siletz River. Schooner Creek. and Dunes direct estuary southward of mouth
Siletz 3 ' ' 284 137 100 Dunes may constrict mouth width. Mouth
subsidiary creeks .
constrained by land to the north.
. Siuslaw River and Jetties on both side of the mouth. Dunes
SlkElE North Fork Siuslaw River 22y L2 223 direct estuary southward from mouth.
Alsea iﬁ::slsgir?évfiaﬁgﬂ;%\;ﬁ:%rcggils(s 211 141 140 Mouth constrained by bluffs to the south.
Salmon Salmon Ri_ver and several 177 392 40 Mouth cc_)nstrained by land to the north.
subsidiary creeks Dunes direct estuary southward from mouy
Jetties on both side of the mouth. Dunes
Tillamook Kilchis, Wilson, Ti_IIar_‘nook, Trask, 116 62 360 direct estuary southward f_rom mouth.
and Miami Rivers Dunes result in accumulation of freshwate
flow from five rivers.
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NORMALIZED FRESHWATER

MOUTH
MAJOR FRESHWATER INFLOW
ESTUARY WIDTH ESTUARY MOUTH STRUCTURE
SOURCES AREA VOLUME (m)
NORMALIZED | NORMALIZED
(m® m? year') (year?)
Waatch Waatch River 101 32 Mouth constramed_ by bluff to f[he north.
Dunes may constrict mouth width.
Yaquina Yaquina _Rl_ver_and several creeks 63 42 290 Jetties on both side of the mouth.
draining into sloughs
Chehalis River and Elk, Johns, and
Grays Hoquiam Rivers and several 58 32 2750 Jetties on both side of the mouth.
subsidiary creeks
digcohc; l?;lveirn?gilzivﬁrsa:nccrﬁj ?jll(r? Jetties on both side of the mouth. Dunes
Coos ging 9 g 53 14 620 direct main stem of estuary northward from
South and Isthmus Slough, and mouth
Catching and Palouse Creek '
Dunes form mouth, with extensive sand
Sand Lake Sand .Cfeek and Jewell Creek and 2 28 135 accumulation behind dunes. Mouth may
subsidiary creeks. Groundwater? :
occasionally close off estuary.
Bear, Bone, Cedar, Naselle, Nemah, Mouth cqnstramed by land to the north.
. > . Dunes direct estuary southward from moyth.
Willapa Niawiakum, North, Palix, and 17 6 9165 ; :
: ) Dunes result in accumulation of freshwatgr
Willapa rivers )
flow from rivers.
Freshwater Creek and Elk River and Jetties on both side of the mouth. Estuary
runs behind dunes both northward and
Humboldt to lesser extent Jacoby Creek ang 12 4 842 . .
southward. Dunes result in accumulation|of
Salmon Creek ;
freshwater flow from rivers and creeks.
Netarts 13 minor creeks 11 8 114 Dunes direct estuary searthfrom mouth.
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Figure 2-10. Relationship between freshwater mfltmrmalized by estuarine area and
normalized by estuarine volume.

regional differences in rainfall, monthly values\d#e generated to evaluate seasonal changes in
potential flushing, and, again, the metric caniblkeed to climate change scenarios.

The area-normalized freshwater inflow was calcaldte all the drowned river mouth estuaries
and bar-built estuaries (Table 2-4) except forGloéumbia Estuary. Total precipitation was not
available for the entire Columbia Basin, thougvats possible to generate a rough estimate from
the Columbia River’s total annual discharge of agpnately 198,000,000 acre-feet of water
(http://vulcan.wr.usgs.gov/Volcanoes/Washingtoni@abiaRiver/description_columbia_river.ht
ml). This annual river discharge is equivalenatoormalized freshwater inflow of
approximately 370 rhper nf per year. This estimate is a substantial underas compared to
the values for other estuaries since it does robade any water lost to evaporation or
percolation, which would be substantial over thiérerColumbia Basin. While this value is not
directly comparable to the other values, it indésathat the Columbia Estuary has a high river
input, which is consistent with the tidal riverisegment constituting over a third of the entire
estuarine area (see Table 2-2).

Area-normalized freshwater inflow values vary oag¢housand-fold, from about 11 in Netarts
Bay to 18,000 im? year® in the Klamath. The metric successfully separastsaries

generally considered river-dominated systems (Klgmath and Rogue) from those considered
tide-dominated systems (e.g., Yaquina) suggeshiagit can be used to classify less well studied
systems. Additionally, spatial and seasonal padter salinity variations in these estuaries
appear to be related to normalized freshwaterunfl&igure 2-11 shows salinity versus distance
from the mouth for eight estuaries where both oy @wet season salinities are available. These
eight estuaries range in area-normalized freshvirfler from 11 (Netarts) to 695 fm? year'
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Figure 2-11. Salinity versus distance from the thdar the wet and dry seasons for estuaries wih-aormalized freshwater inflow
ranging from about 11 to 695°m™ year’. Salinity variations are provided for bar-buiitle-dominated, moderately river-

dominated, and highly river-dominated systems. §mabols indicate the median values and the ear kepresent the 9%5ind 75’
percentiles. Salinity data are from the Oregonddepent of Environmental Quality (http://deql2.d¢ate.or.us/lasar2/) except for
panel e. Data for panel e are from short-termalgpénts of sondes described in Chapter 4 Notehleagbalmon River has the

largest volume-normalized freshwater inflow, refileg its shallowness.




(Coquille). Systems with low freshwater inflow lealess salinity variation along the main axis

of the estuary, salt penetrates further into tilsgséems, and they have less seasonal variations in
salinity than river-dominated systems. For the estuaries with the highest values (Umpqua
and Coquille), there is essentially a linear declmdry season salinity with distance from the
mouth. Finally, there is a positive relationshgiieen area-normalized freshwater inflow

values and variation in salinity over a tidal cyatehe mouth of the seven target estuaries
(Figure 4-11). Thus, it appears that the area-abred freshwater inflow metric captures key
aspects of tide versus river domination as meadwyezlinity.

The next question becomes what value to use toaepdal from riverine systems. A
reasonably distinct break in values occurs betwieersalmon and Tillamook estuaries, with the
Tillamook value about two-thirds of the Salmon wa(lTable 2-4). This break is also associated
with a difference in wet and dry season salinitsiatéons (Figure 2-11e). Based on this pattern,
we propose a value ofl¥5 n? m? yeaf* as a preliminary threshold for defining river-
dominated estuaries. There is also a moderat& brealues between the Nestucca and
Necanicum (Table 2-4), which is also reflectedhia salinity patterns in the Salmon and Alsea
versus the Umpqua and Coquille (Figure 2-11). Plisern in salinity variation suggests a
subdivision of river-dominated systems into “highlyer-dominated” systems with inflow
values greater than approximately 40bmfand “moderately river-dominated” systems with
inflow values between 175%m? and 400 mm? yeaf™.

This approach classifies 22 of the 28 drowned nmeuth estuaries as river-dominated and 6 as
tide-dominated (Table 2-4). Of the river-dominagstiuaries, 16 are classified as highly river-
dominated and 6 as moderately river-dominatedernms of geomorphology, the river-
dominated systems, and the highly river-dominatestiesns in particular, tend to have fewer
freshwater inputs compared to the tide-dominatatesys which tend to have smaller freshwater
inputs distributed across several tributaries. tAappattern is that all of the small (<5 ®m

river mouth estuaries are classified as river dateith with the exception of the Waatch, while
10 of the 14 estuaries <5 krare classified as highly river dominated. Alle@rbar-built

estuaries have very low normalized freshwater wdloindicating that functionally they more
resemble the tide-dominated systems.

In terms of vulnerability, our initial hypothesisthat, all other factors being equal, estuaries
with higher normalized freshwater inflow will beskesusceptible to terrestrially derived nutrient
enrichment because of higher flushing. The higiver flow in riverine systems may actually
increase the total loading from the watershedthoeitigh flushing should reduce the ability of
phytoplankton to maintain high populations. Thig@estion is consistent with the trend towards
a decrease in median dry season chloro@wiith increasing volume-normalized freshwater
inflow (Figure 4-6). The data from this set ofuesies suggest that summer chlorophykvels

in the estuaries may be determined by flushing.tiBealuation of this proposed relationship
between normalized river inflow and chlorophgitoncentrations will require additional water
quality studies across a range of estuary typegelisas developing more complete water quality
models to explain differences among estuaries sithlar riverine inputs. Tide-dominated
systems have close coupling with the coastal oaedras a result may experience high nutrient
and chlorophylk levels and low dissolved oxygen conditions assaltef intrusion of ocean
water into the estuary.
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2.5 Classification of Estuaries by NWI Wetland Clases

The next step in classifying these drowned riveuth@nd bar-built estuaries was to determine
similarity among estuaries based on wetland distidins. Distribution of NWI wetland types
serves as an integrated response to multiple drivesluding estuarine geomorphology,
watershed size and type, freshwater inflow, oceaxahange, salinity structure, and tidal
exposure. Thus, patterns of NWI wetlands classepatentially a better indicator of
environmental similarity than a classification béie® any of those environmental drivers
individually. Classification by NWI classes alsmpides a mechanism to identify estuaries with
similar wetland resources, which could be usedstat#ishing management prioritizations or
assist in designing specific mitigation actions.

Utilizing the consolidated NWI codes (Table 2-hg 81 estuaries were first clustered based on
the actual areas of the wetland/habitat classéss and the following cluster analyses are based
on the NWI available in 2006 since there were anigor changes in these larger estuaries in the
recent update. Since this analysis groups estubyidabitat areas, classification by area will
tend to group larger and smaller estuaries, anelms of management is probably most useful
in identifying groups of estuaries with similar ents of wetland resources. The 31 estuaries
clustered into four significant classes using tefadlt p value of 0.05 (Figure 2-12). As
expected, the clusters broke out by estuarine s<ree group (Cluster A) consisted of the three
largest estuaries: Willapa, Grays Harbor, anddbkimbia River. The next group (Cluster B)
consisted of the next four largest estuaries: HuditpGoos, Umpqua, and Tillamook. Cluster C
consisted of the 10 moderate-sized estuaries, mgrigisize from 4.28 kfn(Sand Lake) to

19.96 knf (Yaquina Estuary). The final group (Cluster Dpsisted of the suite of smaller
estuaries (0.56 kfrto 3.1 knf). The effect of increasing the p value was t@kreut the

Columbia as a separate group from Grays Harboiéiidpa (at p=0.10), but further increasing
the significance values did not split out any addil groups (Figures 2-13a to 2-13d).

A similar analysis was conducted using the relgpiraoortion of the area of each of the
consolidated NWI classes. Use of proportional aremoved the direct effect of estuary size
and should better identify groups of estuaries @éinatfunctionally similar compared to the
classifications by actual areas. Based on théivelproportions, the 31 estuaries grouped into
three clusters at p=0.05 (Figure 2-14). One gi@lpster A) consisted of eight estuaries
showing a wide range in size, from the Quinaulb§knt) to the Columbia River (669 Kn
Though varying greatly in size, members in thistdu consist of the eight estuaries with the
largest normalized freshwater inflow (Table 2-&swaming that the Columbia ranks among the
top eight. This grouping indicates that theredraracteristic wetland profiles in the most highly
river-dominated systems. Another group (Clustec@j)sisted of the Salmon and Waatch, which
showed little similarity with the other groups. éde two systems separated from the other
estuaries largely due to their high proportion pper marsh habitat (estuarine, irregularly
flooded, rooted class of Table 2-1).

The third group (Cluster B) consisted of 21 esesmmcluding both river- and tide-dominated
river mouth estuaries as well as all three of tehuilt estuaries. Size varied widely in this
group, from 0.56 ki(Sooes) to 390.9 kir{Willapa). The estuaries making up this cluster a
so diverse that it does not seem useful in groupystems in terms of nutrient dynamics.
However, increasing the significance levels helfgeskeparate estuaries with similar attributes
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(Figures 2-15a to 2-15d). The 10% significanceleeparated Grays Harbor and Willapa Bay
as a group (Figure 2-15a), two estuaries that sharey similarities. At a significance level of
40%, 12 clusters were identified (Figure 2-15c)le/tihe 60% significance level identified 16
clusters (Figure 2-15d). Using the criterion ofmmning estuaries with ¥5% similarity results
in 10 “functional” groups at the 40% significanexél and 12 “functional” groups at the 60%
significance level (Figure 2-15d).

Choosing which of these classifications is the tbissnot a statistical question but rather
depends upon the goals of the classification. i@tarpretation is that the classification based on
the 60% significance level along with combininguesies with >75% similarity best captures
ecological similarity in terms of drivers relatedwetland patterns while avoiding separation of
very similar systems (Figure 2-15d). Compareh®40% significance level, the classification
based on the 60% significance level separatethi@fiidle-dominated estuaries from the highly
river-dominated systems, though there is still sompang of the tide-dominated, moderately
river-dominated, and bar-built estuaries. Howetle,practical limitation of this classification
is that it results in 12 functional groups, whichyrconstitute too fine a division for
management. An alternative might be to use thesileation based on the 10% significance
level which consists of four groups (Figure 2-15a).
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Figure 2-12. Cluster analysis of 31 PNW estuaatebe 5% significance level based on the area
of the consolidated NWI habitats. Estuaries joingith red lines are not significantly different
(p>0.05) based on SIMPROF analysis. Clusters with2o similarity (horizontal line) are
combined in the analysis.
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Figure 2-13a. Cluster analysis of 31 PNW estuaidbe 10% significance level based on the
area of the consolidated NWI habitats. Estuanesef with red lines are not significantly

different (p>0.10) based on SIMPROF analysis. thsswith >75% similarity (horizontal line)
are combined in the analysis.
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Figure 2-13b. Cluster analysis of 31 PNW estuaatdhe 20% significance level based on the
area of the consolidated NWI habitats. Estuanesef with red lines are not significantly

different (p>0.20) based on SIMPROF analysis. thsswith >75% similarity (horizontal line)
are combined in the analysis.
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Figure 2-13c. Cluster analysis of 31 PNW estuaatdhe 40% significance level based on the
area of the consolidated NWI habitats. Estuanesef with red lines are not significantly

different (p>0.40) based on SIMPROF analysis. @hsstvith >75% similarity (horizontal line)
are combined in the analysis.
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Figure 2-13d. Cluster analysis of 31 PNW estuaatdhe 60% significance level based on the
area of the consolidated NWI habitats. Estuanesef with red lines are not significantly

different (p>0.60) based on SIMPROF analysis. hsswith >75% similarity (horizontal line)
are combined in the analysis.
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Figure 2-14. Cluster analysis of 31 PNW estuaatebe 5% significance level based on the
relative proportion of the consolidated NWI halstaEstuaries joined with red lines are not
significantly different (p>0.05) based on SIMPRQfalysis. Clusters with >75% similarity
(horizontal line) are combined in the analysis.
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Figure 2-15a. Cluster analysis of 31 PNW estuaidbe 10% significance level based on the
relative proportion of the consolidated NWI halstaEstuaries joined with red lines are not
significantly different (p>0.10) based on SIMPRQfalysis. Clusters with >75% similarity
(horizontal line) are combined in the analysis.
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Figure 2-15b. Cluster analysis of 31 PNW estuatdkhe 20% significance level based on the
relative proportion of the consolidated NWI halstaEstuaries joined with red lines are not
significantly different (p>0.20) based on SIMPRQfalysis. Clusters with >75% similarity
(horizontal line) are combined in the analysis.
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Figure 2-15c. Cluster analysis of 31 PNW estuaatdbe 40% significance level based on the
relative proportion of the consolidated NWI halstaEstuaries joined with red lines are not
significantly different (p>0.40) based on SIMPRQfalysis. Clusters with >75% similarity
(horizontal line) are combined in the analysis.
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Figure 2-15d. Cluster analysis of 31 PNW estuaatdhe 60% significance level based on the
relative proportion of the consolidated NWI halstaEstuaries joined with red lines are not
significantly different (p>0.60) based on SIMPRQfalysis. Clusters with >75% similarity
(horizontal line) are combined in the analysis.
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This classification separated out the eight highigrine systems, Willapa and Grays Harbor,
and the Salmon and Waatch. The limitation is thatfourth group consists of 19 estuaries
ranging from bar-built to highly riverine dominatedhich appear to have different nutrient
dynamics. One of the joint scientific and managetncballenges then becomes determining
“how similar is similar enough”.

2.6 Watershed Classification

Grouping estuaries by NWI classes identified suifesstuaries with similar patterns of wetland
habitats and presumably similar vulnerabilitiemtiirient enrichment. A different question is
how the watersheds of the 31 estuaries group tegeilithin the same climatic regime,
estuaries with similar land cover patterns in tte@essheds presumably have generally similar
nutrient loadings. To evaluate similarity in lacwhver patterns, the 31 watersheds were clustered
using the land cover classes from the 2001 NOAAskit The NOAA coverage for the
Columbia extended to approximately the Bonnevilar) which captures the watershed
adjacent to the Lower Columbia, representing aBdfb of the entire Columbian Basin. Thus,
the results for the Columbia watershed need totegpreted in light of the fact that only a small
portion of the entire land mass draining into tl@uthbia River was captured. The NOAA
coverage for the Klamath was truncated at the radtern segment, but as mentioned this area
was filled in by using the 2001 NLCD data. A compty in the PNW in that the presence of
nitrogen-fixing alder can be an important compor@mntitrogen dynamics in these watersheds
(see Sections 3.7 and 4.2). NOAA's “deciduousdtirand “mixed forest” classes capture alder
but do not separate them out from other deciduaest This level of detail should be sufficient
to capture general similarities among watershéuasigh differences in alder coverage may
result in somewhat different nitrogen loadings agotherwise similar watersheds.

2.6.1 Watershed Classes

The analysis based on the areas of the land ctagseas resulted in seven clusters at a
significance level of 5% (Figure 2-16). As expé&ctinere was a tendency for larger watersheds
to cluster together. The five estuaries with drgést watersheds — the highly riverine
dominated Columbia, Klamath, Rogue, Umpqua, and-Eadll formed one group (Cluster A).
Similarly, the three estuaries with the smallestarsheds (<100 kfhgrouped together in

Cluster G while the estuaries with the next smalietersheds (105 Ko 216 knf) formed a
related cluster (Cluster F). Most of the estuangbh moderate-sized watersheds grouped in
Clusters B, C, and D, which had a relatively highikrity (>55%) among the three groups.

The Humboldt formed a unique cluster (Cluster B} ttad moderate similarity (<50%) to the
other moderate-sized watersheds. Using diffelignifscance levels in the cluster analysis did
not substantially change the classifications (Fegeul7a to 2-17d), with the major changes being
the separation of the Eel Estuary from the funei@mnoup consisting of the other estuaries with
large watersheds (A-D in Figure 2-17d) and splittine tide-dominated Waatch from the bar-
built Sand Lake and Netarts watersheds (Figure@-17
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Figure 2-16. Cluster analysis of 31 PNW estuaatebe 5% significance level based on the
areas of the land cover classes in the NOAA 20Q&nsiaed data. Estuaries joined with red
lines are not significantly different (p>0.05) bdse SIMPROF analysis. Clusters with >75%
similarity (horizontal line) are combined in theadysis.
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Figure 2-17a. Cluster analysis of 31 PNW estuaidbe 10% significance level based on the
areas of the land cover classes in the NOAA 20Qénsiaed data. Estuaries joined with red
lines are not significantly different (p>0.10) bdse SIMPROF analysis. Clusters with >75%
similarity (horizontal line) are combined in theadysis.
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Figure 2-17b. Cluster analysis of 31 PNW estuatdkhe 20% significance level based on the
areas of the land cover classes in the NOAA 200&nsihed data. Estuaries joined with red
lines are not significantly different (p>0.20) bdse SIMPROF analysis. Clusters with >75%
similarity (horizontal line) are combined in theadysis.
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Figure 2-17c. Cluster analysis of 31 PNW estuaatdhe 40% significance level based on the
areas of the land cover classes in the NOAA 200&nsihed data. Estuaries joined with red

lines are not significantly different (p>0.40) bdse SIMPROF analysis. Clusters with >75%
similarity (horizontal line) are combined in theadysis.
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Figure 2-17d. Cluster analysis of 31 PNW estuatdkhe 60% significance level based on the
areas of the land cover classes in the NOAA 200&nsihed data. Estuaries joined with red

lines are not significantly different (p>0.60) bds# SIMPROF analysis. Clusters with >75%
similarity (horizontal line) are combined in theadysis.
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The clustering based on relative proportion ofaheas of the land cover classes will tend to
group estuaries associated with structurally similatersheds. For example, clustering based on
relative proportions of land use classes could gtaghly urbanized watersheds. In the PNW,
there was a high degree of similarity (>70%) amalh¢he watersheds (Figure 2-18). To a large
extent, this similarity reflects the high percemay the evergreen land cover class, which
ranged from 36% to 80% in the watersheds. The anf@eest and scrub/shrub classes were also
common across the watersheds, contributing 7% %6 dfithe area. The similarity also reflects
the relatively low extent of agriculture and urlzation in these PNW watersheds. Clustering at
the 5% significance level resulted in nine grouggire 2-18) though joining clusters with

>75% similarity reduced this to four functional gps. The first functional group (Clusters A-

D) largely consisted of watersheds associated mvigr-dominated estuaries, with the notable
exceptions of Grays Harbor and Willapa EstuarythBeatershed and estuary size within this
group varied almost 700-fold. The second functigmaup (Clusters E and F) consisted of the
Columbia, Eel, and Humboldt estuaries. The thimtfional group (Clusters G and H) was a
mix of estuarine types with moderate to large vateds. The last group consisted of Netarts
Bay, a bar-built estuary, which formed a uniquestdu (Cluster ). Netarts separated from the
other estuaries largely due to the high percempdgaconsolidated shore, 13.8% compared to
<1% in most other watersheds, but resembled otagzraheds in the high proportions of
evergreen and mixed forest land classes.

Increasing the significance level further dividies watersheds, with 11 groups identified at the
40% significance level (Figure 2-19c) and 13 at@f&o significance level (Figure 2-19d).
These finer divisions appeared to better captundas watersheds, such as splitting the Grays
Harbor and Willapa watersheds from the Copaliswelcer, all of these divisions occurred at
similarities >75% so they did not increase the nendf functional groups from the four
identified at the 5% significance level. Until du¢ research shows the need to more finely
divide watersheds based on the relative proportdiend cover classes, we suggest that the
four functional groups identified at the 5% sigoégince level (Figure 2-18) are sufficient for an
initial analysis of estuarine vulnerability basedwatershed structure.

2.7 Crosswalk of Wetland and Watershed Classificains

To further identify functionally similar estuariese conducted a matrix match (“crosswalk”) of
the classifications by wetlands and watershedsudgss were identified that overlapped both by
clustering on wetland and land cover areas (Tabiesand 2-6) and by clustering on relative
proportions of wetlands and land cover (Tablesatd 2-8), with groups with >75% similarity
joined into functional groups. The basic assunmptibthe crosswalks is that estuaries grouped
by both wetland and watershed characteristics shianiéar environmental conditions.
Specifically, estuaries grouped by area share airaitents of wetland resources and land cover
classes. These groups are most relevant in demglapanagement approaches that scale to
area, such as calculating total watershed loadingsrategies to protect the greatest extent of a
wetland class. In comparison, grouping by relagik@portions more closely captures functional
attributes, and is probably the better approadeteloping management strategies related to
nutrient vulnerability at a system level. Crosdwsalere conducted based on the clustering
using the 5% and the 60% significance levels. §xatks based on the 5% significance level
are at a coarser resolution and will tend to haveef but more variable co-clustered estuaries
compared to crosswalks based on the 60% signifeclwel.

65



70+
75
E F
A
B
80—+
G H
2
S g5+
£
» %
]
90+ l c|] D
95+
100+
—~~ = - = X
28253 5cBTE8LEs 585825 L52855E8¢¢8¢
SZ858rE=CEEgsTSE 883238953828
= ®© < =
SSECGS 83898 33 EZ52"2”558s8g2
= = £ X 3 S £ ©g5 z " >EZ2
n z v
Estuaries

Figure 2-18. Cluster analysis of 31 PNW estuaatebe 5% significance level based on the
relative proportions of the land cover classeh@aNOAA 2001 watershed data. Estuaries
joined with red lines are not significantly diffetg(p>0.05) based on SIMPROF analysis.
Clusters with >75% similarity (horizontal line) azembined in the analysis.
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Figure 2-19a. Cluster analysis of 31 PNW estuaidbe 10% significance level based on the
relative proportions of the land cover classeh@aNOAA 2001 watershed data. Estuaries
joined with red lines are not significantly diffetg(p>0.10) based on SIMPROF analysis.
Clusters with >75% similarity (horizontal line) azembined in the analysis.
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Figure 2-19b. Cluster analysis of 31 PNW estuaatdhe 20% significance level based on the
relative proportions of the land cover classeh@éNOAA 2001 watershed data. Estuaries
joined with red lines are not significantly diffetg(p>0.20) based on SIMPROF analysis.
Clusters with >75% similarity (horizontal line) atembined in the analysis.
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Figure 2-19c. Cluster analysis of 31 PNW estuaatdbe 40% significance level based on the
relative proportions of the land cover classehiéNOAA 2001 watershed data. Estuaries
joined with red lines are not significantly diffetg(p>0.40) based on SIMPROF analysis.
Clusters with >75% similarity (horizontal line) atembined in the analysis.
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Figure 2-19d. Cluster analysis of 31 PNW estuatdkhe 60% significance level based on the
relative proportions of the land cover classeh&NOAA 2001 watershed data. Estuaries
joined with red lines are not significantly diffetgp>0.60) based on SIMPROF analysis.
Clusters with >75% similarity (horizontal line) azembined in the analysis.
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The columns in Tables 2-5 to 2-8 are the clustased on the watershed analysis, while the rows
are the clusters based on wetland analysis. HEssugsted within the same cell are systems that
were grouped together in both the watershed anldmeéetinalyses. For example, Coos and
Tillamook were clustered together in both the wedland land cover analyses on areas (Table 2-
5). Clusters are ordered in the tables by the mrseamnof the watersheds or estuaries within the
cluster, though proximity in the table does notessarily connote greater similarity and Figures
2-12 to 2-19 should be consulted for the actuallanties. To avoid confusion, the clusters
based on wetlands were designated’'a8’, etc.

In the crosswalk based on areas at the 5% signdec&evel (Table 2-5), the five highly river-
dominated estuaries with large watersheds (colupmnweke dispersed across the four wetland
clusters (row#\’ to D’), indicating that there are large watersheds iaithe estuaries (A&') and
large watersheds with small estuaries@{A. The opposite pattern was not observed, ane@ ther
were no small watersheds with large estuaries (iceestuaries falling into A, G-A’, FB’, or
G-B’). Another pattern is that the remaining river-dioated estuaries fell into relatively few
cells, and were separated from the tide-dominatadhees with the exception of the Yaquina
occurring in cell DE’. Additionally, nine of the highly river-dominatedtuaries fell into three
cells representing moderate to small estuaries nvderate-sized watersheds @G-C-D’, and
D-D’). Four of the other tide-dominated estuaries &mnwo pairs (Grays Harbor & Willapa
and Coos & Tillamook), while the Waatch was nokéd with any of the other estuaries. The
pattern based on areas at the 60% significancé(€able 2-6) was the same with the exception
that the Eel River and Waatch were broken into isgpavatershed clusters (columns).

One obvious pattern in the crosswalk by relativ@prtions of wetland and land cover classes
at the 5% significance level (Table 2-7) is theugiag of seven of the highly river-dominated
systems in a single cell (A-DA’). Excluding the Columbia River, these seven estgdad the
highest normalized freshwater inflow values (Tab#). Thus, estuaries with the highest
freshwater inflow appear to have wetland and whsttatterns that differ from other river-
dominated or tide-dominated systems. With the gttae of the Salmon River, the remaining
moderate-sized river-dominated estuaries were gugo two cells (A-D B’ and G-H -B’),
though they were mixed with tide-dominated estgariat the 60% significance level (Table 2-
8), the four estuaries with the highest normalizedhwater inflow values (exclusive of the
Columbia) still grouped together (A-EA-C’) though the three estuaries with next highest
freshwater inputs were separated into two cellE(AE’ and A-E -D’) with lower average
estuary size. At this higher significance levié tide-dominated Grays Harbor and Willapa
estuaries were grouped together, as were the Qub¥aquina estuaries. Assuming that
grouping by relative proportions captures functlaspects of estuaries and watersheds, we
predict that the estuaries grouped at the 60%fggnce level will have similar nutrient
dynamics. The practical difficulty in using the@sswalk based on the 60% significance level is
the large number of groups, which is reduced byentloan half with the crosswalk based on the
5% significance level. It is not clear whethersgigroups show sufficient similarity for them to
be managed in a similar fashion, though researtieffresolve this question is outlined in
Section 2.9.
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Table 2-5. Crosswalk of the cluster analyses byatiea of NWI consolidated wetland classes (rowd)the area of the NOAA land
cover classes (columns) at the 5% significance.lelvetters refer to the cluster groups in Figu2ek2 for wetlands and 2-16 for
watersheds. Mean watershed area and mean estaanyighin the clusters are given in parentheséh, tve area of the Columbia
watershed for the Lower Columbia to the Bonne\illem. The clusters are ordered by mean watershestaary size and proximity
in the table does not necessarily imply high sintjaThe geomorphology is indicated by color wiithe-dominated estuaries in blue,
moderately river-dominated estuaries in green,lifighier-dominated estuaries in red, and bar-kestuaries in black.
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Table 2-6. Crosswalk of the cluster analyses byatlea of NWI consolidated wetland classes (rowd)the area of the NOAA land
cover classes (columns) at the 60% significancelleletters refer to the cluster groups in Figutels3d for wetlands and 2-17d for
watersheds. Mean watershed area and mean estaanyigin the clusters are given in parentheséh, thve area of the Columbia
watershed for the Lower Columbia to the Bonne\illem. The clusters are ordered by mean watershestaary size and proximity
in the table does not necessarily imply high sintjaThe geomorphology is indicated by color wiithe-dominated estuaries in blue,
moderately river-dominated estuaries in green,lizighier-dominated estuaries in red, and bar-kestuaries in black.
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Table 2-7. Crosswalk of the cluster analyses byré¢hative proportion of NWI consolidated wetlandsses (rows) and the relative
proportion of land cover classes (columns) at #estgnificance level. Letters refer to the clugigyups in Figures 2-14 and 2-18.
Clusters with high similarity (>75%) were combirfed the analysis. Mean watershed area and meaargsdrea within the clusters
are given in parentheses. The clusters are ordgretean watershed or estuary size and proximitigertable does not necessarily
imply high similarity. The geomorphology is indiedtby color with tide-dominated estuaries in blmederately river-dominated
estuaries in green, highly river-dominated estsaneed, and bar-built estuaries in black.
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Table 2-8. Crosswalk of the cluster analyses byré¢hative proportion of NWI consolidated wetlandsses (rows) and the relative
proportion of land cover classes (columns) at B8 8ignificance level. Letters refer to the clugpoups in Figures 2-15d and 2-
19d. Clusters with high similarity (>75%) were damed for the analysis. Mean watershed and mdaargsarea within the clusters
are given in parentheses. The clusters are ordgretean watershed or estuary size and proximitigertable does not necessarily
imply high similarity. The geomorphology is indied by color with tide-dominated estuaries in blmederately river-dominated
estuaries in green, highly river-dominated estsaneed, and bar-built estuaries in black.
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2.8 Watershed Alterations and Population Patterns

The last type of landscape analysis was evaluatidine extent of watershed alteration using a
suite of metrics indicative of anthropogenic “prags on the PNW estuaries. The detailed
analysis is based on the 31 estuaries used in titevamiate analysis (Table 2-4), while the
regional analysis is based on the 89 estuariesingbé original report (Lee et al., 2006) rather
than the 103 estuaries from the NWI update. The/diérsheds associated with the “new”
estuaries (see Table 2-5) only constitute 0.2%@total coastal watershed area so that their
exclusion has only a minor effect on the mean \&afaethe region.

One set of indicators of anthropogenic pressutieaselative percentages of high development,
low development, and cultivated classes from théAN@and cover data. NOAA has a class for
grasslands but does not separate out natural graisse anthropogenic grasslands such as
pasture. Not to bias the estimates, we combined #92 NLCD classes for pasture/hay and
urban/recreational grasses as the fourth land coegnic of alteration. No attempt was made to
evaluate the effects of logging, which can increas® point runoff of sediments and nutrients
(e.g., Likens et al., 1970). A potential indiretfect of logging may be an increase in red alder
after disturbance which may increase nitrogen fuxem watersheds (Sections 3.7 and 4.2).
While this analysis does not capture the directiadatect effects of logging, it does identify
those watersheds experiencing the greatest antpeapoimpacts from development and
agriculture. Another measure of alteration is pagpon density from the 2000 census. Densities
were calculated on a watershed basis, which oftéaaross city or county boundaries. One
threshold relating population density to nutridnkeés is the 386 people per kused in the EPA
“Classification Framework for Coastal Systems”dentify watersheds with a high risk for
nitrate inputs (U.S. EPA, 2004a).

The last metric of alteration is the percent impars surfaces. High percentages of impervious
surfaces within a watershed can affect water quhbth by increasing the volume and rate of
surface runoff, which in turn can increase erosisnvell as non-point loadings of sediment,
contaminants, and nutrients (U.S. EPA, 1997). Aslvémpacts are first observed in surface
waters in watersheds with about 10% imperviousases$ and with major impacts occurring at
25-30% (Arnold and Gibbons, 1996). In tidal creekSouth Carolina, physical/chemical
alterations and changes in fecal coliforms wes fletected at 10-20% impervious surfaces with
impacts on the benthos, shrimp, and food webs tdeted values of 20-30% (Holland et al.,
2004). NOAA'’s “Spatial Wetland Assessment for Mgament and Planning” (SWAMP) model
uses a threshold of impervious surfaces of <7.5%esutoff for “exceptional” environmental
condition (Sutter, 2001).

The values of these metrics for all 89 estuariebld 2-9) and for the 31 estuaries used in the
multivariate analysis (Table 2-10) indicate relatyvlow levels of alterations at the watershed
scale. The percent of high development land ubeexteeded 2% in Crescent City Harbor
while the percent of low development only exceeb#din three watersheds and 1% in twelve
watersheds. Pasture and urban/recreational gnassigere more abundant than the other altered
land use classes in several of the watershedshrépagenic grasslands exceeded 10% in the
Lake Earl and Humboldt watersheds and exceeded%%ather five watersheds including the
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Table 2-9. The mean, median, and maximum valuesdoh of the metrics of watershed alterationlier89 coastal watersheds. The
“% High Development”, “% Low Development”, and “Yuffivated” are the percentage of the watershedisase land cover classes
from the NOAA 2001 data. The “% Pasture & Urbama$atands” is the combination of the pasture/hayuasbdn/recreational

grasses classes from the 1992 NLCD data. PopulB@nsity is from the 2000 census, while the “% émwious Surfaces” was
calculated using the 30-m grids from NLCD (httpuAw.epa.gov/mric/nicd-2001.html). The % impervicusface values and the
estuary with the highest percent impervious sudagmerated from Attila (U.S. EPA, 2004c) are giveparentheses for reference.

S/

%
wron | wiow | |%PASTURES| IPERVIOUS | PopuLATiON
DEVELOPMENT | DEVELOPMENT | CULTIVATED GRASSLANDS|  (values from # km'z)
Attila)
Mean 0.13 0.91 0.12 1.19 1.16 18.09
(2.54)
Median 0.01 0.18 0.00 0.04 0.59 4.24
(2.02)
Maximum 4.98 15.76 1.82 11.1 12.72 288.79
(16.11)
Waters.hed Wwith Crescent City Loomis Lake Twomile Creek Lake Earl Loom!s Lake Crescent City
Maximum South (Loomis Lake)




9/

Table 2-10. The mean, median, and maximum valesdch of the metrics of watershed alteratioritfer31 coastal watersheds
used in the multivariate analysis. The “% High Blepment”, “% Low Development”, and “% Cultivatedre the percentage of the
watersheds in these land cover classes from theANEZD®1 data. The “% Pasture & Urban Grasslandd#iescombination of the
pasture/hay and urban/recreational grasses claeseshe 1992 NLCD data. Population Density igrirthe 2000 census, while the
“% Impervious Surfaces” was calculated using thar8@rids from NLCD (http://www.epa.gov/mrlc/nlcd-@D.html). The %
impervious surfaces value for the Columbia is basethe watershed up to the Bonneville Dam. Then@ervious surface values
and the estuary with the highest percent impervsantaces generated from Attila (U.S. EPA, 2004e)qven in parentheses for

reference.
%
0,
wHoH | wiow | w |%PASTURES|INPERVIOLS| PORLLTION
DEVELOPMENT | DEVELOPMENT | CULTIVATED GRASSLANDS| (values from # km'2)
Attila)
Mean 0.13 0.56 0.17 1.96 0.83 14.73
) ) ) ) (2.25) )
i 0.57
Median 0.03 0.28 0.00 1.34 (2.05) 5.96
' 3.61
Maximum 1.19 3.71 1.29 10.43 (4.67) 119.19
Waters.hed With Humboldt Humboldt Columbia Humboldt Columbia Humboldt
Maximum

(Humboldt)




Columbia. Population densities were low to modeeatross all the watersheds, and no
watershed exceeded the threshold of 386 peopliengfer Only six estuaries had watersheds with
a population density exceeding 100 people peft, kvith a maximum density of 289 people per
km? in the Crescent City Harbor watershed.

The percent impervious surface integrates sevéfateht types of watershed alterations and the
recently available 30-m grid data from the NLCDyghfwww.epa.gov/mric/nlcd-2001.html)
allows detailed analysis of this driver. In gehgitae percent impervious surface is low in the
coastal PNW watersheds (Tables 2-9 and 2-10). ¥itut 12% impervious surfaces, only the
watersheds associated with Crescent City HarbolLanchis Lake Creek exceeded the lower
10% threshold value from Arnold and Gibbons (19983.a marine harbor/cove, Crescent City
Harbor is well flushed and this level of imperviagigfaces is not likely to have a major effect
on its water quality. We do not have informationextent of flushing in Loomis Lake Creek
but Loomis Lake is classified as eutrophic basetbtal phosphorus concentrations (O’'Neal et
al., 2001). Thus, it is possible that Loomis L&week may have relatively high nutrient
concentrations during periods of restricted exckanigh the ocean, though it is not clear what
estuarine resources would be exposed to thesetederatrient concentrations (see Table 2-3).
No other watershed exceeded the NOAA SWAMP thresbbV.5% for exceptional condition
and only six other watersheds had impervious sasfa8%. Among the 31 estuaries, the
Columbia had the highest percent impervious susfat&.6% but this is based on the 2001
NLCD data that extends only up to the BonnevillexDend includes the city of Portland.
Presumably this percentage would decline if morthefColumbian Basin were included.

To evaluate the similarity in alterations, the 3dtevsheds were clustered using the six metrics of
alteration. Because these variables are measuidtferent units, the values were normalized
and Euclidean distance was used as the metrienifasity. Classification by watershed
alterations resulted in four significant clustdegytre 2-20). One group (Cluster A) that split off
at a high degree of dissimilarity consisted ofltheer Columbia River and Humboldt Estuary.
These two systems have the highest percentageghodhd low development land classes,
anthropogenic grassland land cover classes, tlinestiggercent impervious surfaces, and the
highest population densities (Table 2-10). Thedwemum (Cluster B) broke out at a moderate
degree of dissimilarity from the other estuariégsough not as altered as the Columbia and
Humboldt, the Necanicum watershed has the thirtddsgvalues for the percentages of high
development and low development land cover clagsgsjlation density, and percent
impervious surfaces. Another group (Cluster C) #pdit out at a moderate degree of
dissimilarity consisted of four estuaries, the K& Grays, Eel, and Rogue. These four
estuaries appeared to break out based on theirratetiehigh values of both cultivated and
pasture/urban grassland land cover classes. $hgrlaup (Cluster D) consists of the remaining
24 estuaries, which as a group had no discernaltlerp of watershed alteration. Thus, the
watersheds of the major PNW estuaries separatéant@atterns of alteration, with the
Columbia and the Humboldt the most altered duagbdr proportions of development and
agriculture.
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Figure 2-20. Cluster analysis of the 31 PNW estgdrased on six metrics of watershed
alteration. Similarity among clusters is measwagdeuclidean distance. Estuaries joined with
red lines are not significantly different (p>0.0&sed on SIMPROF analysis. The horizontal
lines indicate 25% dissimilarity of the maximum eb&ed dissimilarity for reference.
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2.8.1 Flow-Path Analysis of Impervious Surfaces

While the percent impervious surfaces for the entiatersheds are low, the spatial distribution
of watershed alterations is likely to have an intgair effect on the extent of nutrient, pollutant,
and sediment runoff. The 30-m grid cells from KeCD allow a flow path analysis of the
percent impervious surfaces as a function of teeadce from the estuary or nearest river or
stream flowing into the estuary. Because of ithpl@xity, we have only conducted a flow path
analysis for the Yaquina watershed which is preskhere as a potential future direction.
Figure 2-21 shows the percent impervious surfagdsmsix concentric zones around the
estuary, rivers, and streams, increasing in distémmen a 0-108 meter zone to the nearest water
to a 0-31,130 meter zone that represents the emtitershed. The key observation is that the
percent impervious surface is higher in the portbthe watershed closer to the water than in
land more distant from the water’s edge. The maxrmpercent impervious surface of 3.78%
occurs within a band 0-500 meters around the egtuger, and streams, a value more than 4-
times higher than the watershed average of 0.88Wilar analyses should be conducted in
additional watersheds, but it is likely that thengral pattern of higher impervious surfaces near
the water occurs in many, if not most, PNW watedshes a result of the concentration of tourist
facilities, commercial and recreational fishingiates, and housing along bay and river fronts.

3.5
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% Impervious Surfaces in Buffer
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Buffer from Nearest Water (m)

Figure 2-21. Percent impervious surfaces in thgufea watershed for six buffer zones of
different distances from the shoreline of the YaquBay or Yaquina River. The 0-31,130 m
buffer represents the entire Yaquina watershed.
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2.9 Synthesis of Classification Approaches and Reseh Needs

Five classification schemas are presented in thapter — classifications based on
geomorphology and ocean exchange (Section 2.4)aneketlustering (Section 2.5), watershed
clustering (Section 2.6), crosswalks between thigawd and watershed clustering (Section 2.7),
and groupings on watershed alterations (Section 2\hich is the “best” approach depends
upon the goals of the user. Even with the spegth@l of identifying estuaries with similar
vulnerabilities to nutrient enrichment, it is ndééar which schema is best, in part because no
specific criteria have been developed as to whastttotes “similar enough” for management
purposes. It is possible, however, to provide sgereeral guidelines on how the various
schemas could be used for management purposedlas\itdure research directions.

Of the various schemas, geomorphology providesnibhgt general approach to grouping
estuaries with similar nutrient dynamics. Assuntimg ideal case of “all other factors being
equal”, potential differences in the extent of Hungy based on ocean exchange and freshwater
inflow suggest the following relative vulnerabiéis (from most to least vulnerable) to equivalent
increases from terrestrial runoff:

lagoon> blind estuary > tide-dominated river mouth > rig@minated river mouth coves

This suggested ranking is for increased nutrienteatrations within the estuarine portion of the
system and not for total loading, which may shopatiern more closely tied to the normalized
freshwater inflow and presence of red alder invtagershed. Nor does this ranking account for
differences in the types of resources potentiallysk across these different classes of estuaries.
The tidally restricted coastal creeks are more derhan suggested by their small size and do
not easily fit into this ranking because of thegmdital occurrence of localized pockets of low DO
water resulting from periodic advection and tragpof ocean water (C. Brown, unpublished
data). Nor do bar-built estuaries readily fit itidds scheme. The three PNW bar-built estuaries
do not share many similarities (Tables 2-7 and arg2) may function more like similar size tide-
dominated estuaries than as a separate classiafiestper se.

Individual clustering by wetland or land cover dles provides a more detailed breakout of
estuaries than that provided by the geomorpholdggses. While this approach is useful in
identifying similarities in the resources at risketland clustering) or differences in potential
loading (watershed clustering), we suggest thattbsswalks are more likely to identify
functionally similar estuaries than clustering lither attribute alone. As discussed in

Section 2.7, the crosswalks identified fine resoluseparations using the 60% significance level
(Tables 2-6 and 2-8) and coarser level separatisimg) the 5% significance level (Tables 2-5
and 2-7). One of the factors in resolving whichitese schemas are sufficient for management
is how similar estuaries are within the groups careg to among-group differences. If, for
example, variation in a key attribute within a goaxceeds the differences among groups, then
the classification may not be sufficiently robust €ertain management purposes. Therefore, we
suggest one avenue of research should be to comiamne- and among-group variations in
nutrient concentrations and dynamics across sédtgbfy similar estuaries, using the water
guality survey framework described in Chapter £cd@ise nutrient dynamics are influenced by
drivers related to both the areas of estuariesnatdrsheds and to the relative proportions of
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wetland or watershed classes, we propose thatrestilaat co-clustered based on both the areas
(Tables 2-5 and 2-6) and on relative proportiorab(&s 2-7 and 2-8) should show the highest
similarities. This is essentially a “crosswalktbé crosswalks” to identify the most similar
estuaries.

Based on the 60% significance levels, there arpaivs of estuaries that co-clustered on area
and relative proportions: 1) Klamath and Rogueiz2ys and Willapa; 3) Coquille and
Nehalem; 4) Alsea and Yaquina; 5) Hoh and Queets 6 Nestucca and Siletz. These pairs
span a range of estuary types, including largenallsestuaries as well as tide-dominated,
moderately river-dominated, and highly river-dont@thestuaries (Tables 2-2 and 2-4).
Variation in nutrient dynamics within these paiepresents the minimum variation that can be
expected from groupings based on this approaclsul®drom such comparisons should be
assessed by environmental managers to determiridevtiee within-group variation relative to
the among-group variation is acceptable in a reguofacontext. If the levels of variation are not
acceptable, then: 1) a different classificationrapph is required; 2) management expectations
may need to be modified regarding the actual lef/similarity among PNW estuaries or; 3) the
desire to manage groups of “similar” estuaries ao@mon fashion may be unrealistic.

If the relative variation within and among thesesirs of estuaries is acceptable, the next step
would be to conduct additional comparisons amontg aegrouped estuaries. In particular, the
three large groups in the 5% significance crosswabed on relative proportions (A-DAS A-

D -B’, and G-H -B’ in Table 2-7) should be evaluated. If the relatrariation falls within
acceptable bounds, this classification could bel asea framework for developing management
strategies for the PNW, with the caveat that addéi studies would be required for the estuaries
falling outside of these groups. However, failtodind ecologically relevant differences among
groups at this level of significance while finditigem in the six paired estuaries suggests that a
finer resolution classification will be needed.
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CHAPTER 3:
ENVIRONMENTAL CHARACTERISTICS
OF THE SEVEN TARGET ESTUARIES

Cheryl A. Brown and Henry Lee Il

3.0 Introduction

The purpose of this chapter is to provide an owewnof the environmental conditions within the
Pacific Northwest (PNW) and of the seven targatasts chosen for field surveys and aerial
photography. This chapter is not meant to be gprehensive review and the reader is referred
to Emmett et al. (2000) for an overview of enviramtal conditions for Pacific Coast estuaries,
Hickey and Banas (2003) for a review of the eff@fteceanographic conditions on PNW
estuaries, the Oregon Coastal Atlas (http://wwwstadatlas.net) for a description of Oregon
estuaries, and the Coastal Landscape Analysis atiihg Study (CLAMS;
http://www.fsl.orst.edu/clams/) for detailed infoation on coastal watersheds in Oregon.

3.1 Pacific Northwest Climate

Though the PNW has a reputation for being “wet iamaly”, the PNW coast essentially has a
wet and dry season (see Emmett et al., 2000). Bpproximately October through March, the
PNW experiences frequent rainfall with a peak ic@®@wgber through January. From
approximately April through September, rainfall stamtially declines often with only marginal
rainfall in July through September. In additiorthes seasonality, there is a geographic pattern
with greater rainfall in the more northern portiamighe PNW. Average annual precipitation in
northern coastal Washington can reach as much@srBompared to 140 cm in the Humboldt
watershed in northern California. In terms of temgpure, the PNW has a Mediterranean
climate, with mild summers and winters. The difere between winter and summer air
temperatures is small, only about G near the Humboldt Estuary (Emmett et al., 2000).
Freezes and snowfall at the lower elevations dagively rare, and with the exception of the
Columbia and Klamath watersheds there is relatiltlg snow pack in most of the coastal
watersheds.

3.2 Coastal Upwelling in the Pacific Northwest

Estuaries in the PNW are adjacent to the CalifoGuarent System, which exhibits strong
interannual, seasonal and event-scale variabiitgkey and Banas, 2003). In this region,
seasonal wind-driven upwelling advects relativedglc nutrient rich water to the surface. The
upwelling season typically commences in April andtues through September (Kosro et al.,
2006). During this time period, upwelling-favorablinds from the north dominate. The
upwelling conditions are interrupted by brief peismf downwelling-favorable conditions,
which usually persist for several days. Previdudiss have demonstrated that the oceanic
inputs of nutrients and phytoplankton are imporfanestuaries adjacent to coastal upwelling
regions, such as the west coast of the U.S. @egA\ngelis and Gordon, 1985; Roegner and
Shanks, 2001; Roegner et al., 2002; Newton andep2®03; Colbert and McManus, 2003;
Brown and Ozretich, 2009). Hickey and Banas (2@3@&mined variations in temperature,
salinity, and alongshore wind stress for threeasta along the Oregon and Washington coast,
spanning a distance of 400 km. They demonstraigdhere was coherence in the fluctuations
in temperature and salinity among these estuatigaglthe summer resulting from the large-
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scale patterns in along-shelf wind forcing at lasgales (100s of kms). As a result, we believe
that coastal ocean conditions are relatively unifover the geographic extent of the seven target
estuaries, which span 250 km (Figures 2-3 and 2-4).

3.3 Criteria for Choosing Target Estuaries and Preious Estuarine Classifications

The seven target estuaries were chosen to coasge of estuarine and watershed conditions in
the PNW. While the goal was to choose a suiteNd\VRestuaries representative of the range of
systems, we focused this initial effort on Oregetuaries because of logistical constraints.
When this work was initiated, we had not completadregional analysis of PNW (Chapter 2),
and so relied on previous classifications and @us@nal experiences with these estuaries for the
selection. The primary classification systemshef PNW estuaries that we utilized in estuary
selection are summarized below and in Table 3-1.

3.3.1 Management Classification of Oregon Estuarse

Oregon estuaries were classified under Oregont®8itde Planning Goal 16 (Estuarine
Resources) as natural, conservation, shallow deafélopment, or deep draft development
(Cortright et al., 1987; http://www.inforain.orgégonestuary/oregonestuary_page5.html) with
the following definitions:

Natural: Estuaries lacking maintained jettiesltarmels, and which are usually little
developed for residential, commercial or industus¢s. They may have altered
shorelines, provided that these altered shoreinesiot adjacent to an urban area.
Shorelands around natural estuaries are genessly for agriculture, forestry, recreation
and other rural uses.

Conservation: Estuaries lacking maintained jettieshannels, but which are within or
adjacent to urban areas which have altered shesetidjacent to the estuary.

Shallow Draft Development: Estuaries with mainéaipetties and a main channel (not
entrance channel) maintained by dredging at 22deletss.

Deep Draft Development: Estuaries with maintaijgtties and a main channel
maintained by dredging to deeper than 22 feet.

The target estuaries included one natural esti&alr(on River Estuary), two conservation
estuaries (Alsea and Nestucca estuaries), twooshdlaft development estuaries (Tillamook
and Umpgua River estuaries), and two deep drafagst (Coos and Yaquina estuaries). Thus,
the target estuaries represent a good cross-seaiftibe Oregon management types.

3.3.2 Geomorphological/Hydrological Classificatioa

Based on the geomophological/ocean exchange atadgih we developed after the field
surveys (Section 2.4), the seven target estuarghsded three tide-dominated drowned river
mouth estuaries (Coos, Tillamook, and Yaquina), tnamlerately river-dominated river mouth
estuaries (Alsea, Salmon) and two highly river-daeted river mouth estuaries (Nestucca and
Umpgua estuaries) (Table 3-1). Within this suftesiuaries, the normalized
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Table 3-1. Current and historical classificatiohshe seven target estuaries. The current cieagdn we developed is discussed in

Section 2.4.
Oregon Burt &
Current Management Bottom et al. Mcalister
Estuary Classification Classification (1979) Parrish et al. (2001) Rumrill (1998)  (1959)
Well-flushed drowned rivers,
Moderately river- Conservation Drowned river predomlr;ﬁnﬂi/’)freshwater
Alsea dominated drowned valley, partially gr ' NA Partially mixed
river mouth mixed Well-flushed drowned rivers,
predominantly oceanic input?
Tide-dominated Deep draft Drowned river Well-flushed drowned rivers, T|de-dom|n_ated Well mixed
Coos . development : i o drowned river ; .
drowned river mouth valley, well mixed predominantly oceanic input mouth Partially mixed
Highly river- Drowned river .
Nestucca dominated drowned Conservation valley, partially Well-flus_hed drowned_ rvers, NA NA
: : predominantly oceanic input
river mouth mixed
Moderately river- Natural Drowned river Well-flushed drowned rivers
Salmon River| dominated drowned valley, partially . o NA NA
: . predominantly freshwater inpyt
river mouth mixed
. Tide-dominated Shallow draft Drowned river Well-flushed drowned rivers, T|de-dom|n_ated Well mixed
Tillamook . valley, partially i o drowned river Two-Layer
drowned river mouth development : predominantly oceanic input :
mixed mouth (high flow)
. . . . . Two-Layer
U . Highly river- Shallow draft Drowned river Well-flushed drowned rivers, River-dominated (high flow);
mpqua River| dominated drowned valley, partially : . drowned river ;
river mouth development mixed predominantly freshwater inpyt Partially to well

mouth

mixed (low flow)

Yaquina

Tide-dominated
drowned river mouth

Deep draft
development

Drowned river
valley, partially
mixed

Well-flushed drowned rivers,
predominantly oceanic input

Tide-dominated
drowned river
mouth

Well mixed to
partially mixed




freshwater inflow metric varies about 9-fold frohetCoos Estuary to the Umpqua River
Estuary. However, none of the estuaries with rsghermalized freshwater inflow values were
included (see Table 2-4). Thus, our selectionstii@ies represents a reasonably wide range of
drowned river mouth estuaries, but does not capheéull range expected if, for example, the
Rogue River or Klamath River had been includeddifdnally, no blind estuaries, coastal
lagoons, marine harbor/coves, or tidally restrictedstal creeks, as defined in Chapter 2, were
included.

The various geomorophological classifications oé@am estuaries that we initially used to
choose our target estuaries are summarized in Bablalong with our classification schema.
There is agreement among all the classificatioasttie seven target estuaries are drowned river
mouth estuaries. In terms of riverine versus oicgiafluences, there is also agreement on the
three tide-dominated estuaries and two of the tem@minated systems, the Umpqgua and Salmon
estuaries. However, Parrish et al. (2001) classifine Nestucca Estuary as having
“predominantly oceanic input” versus our classtiica as highly riverine dominated. Itis
possible that the Nestucca’s division into two safgaarms may affect how the normalized
freshwater inflow values should be interpretedrriBla et al. (2001) were uncertain whether to
classify the Alsea Estuary as predominantly oceanfeeshwater input while we classified it as
moderately river-dominated.

3.4 Estuary and Watershed Sizes

As discussed in Chapter 2, estuary size was defingde sum of the NWI marine, estuarine, and
tidal riverine polygons (http://www.fws.gov/nwi/;.B. Fish Wild. Ser., 2002). Using this
definition, estuary size among the target estuareied almost 20-fold, from about 3 kior

the Salmon River Estuary to 55 kifior the Coos Estuary (Tables 2-2 and 3-2). ThesCo
Tillamook, Umpqua, and Yaquina are the four largsstiaries in Oregon other than the
Columbia River. The only other large PNW estuaaiesGrays Harbor and the Willapa Estuary
in Washington and the Humboldt Estuary in north@atifornia. The smaller target estuaries
(Alsea, Salmon River, and Nestucca) were consideredpture much of the environmental
range in the moderate-sized estuaries in the PNW.

As discussed in Chapter 2, PNW estuaries have sixeemtertidal zones. The average percent
intertidal area across all 89 PNW estuaries was @d@tre 2-8). The seven target estuaries
bracketed that average, ranging from 32% in the ¢lrafRiver Estuary to 87% in the Salmon
River Estuary.

The sizes of the associated watersheds variedl83Fable 3-2), from about 190 Knin the

Salmon River Estuary to over 12,000%imthe Umpqua River Estuary. The ratio of estgri
size to watershed size also varied by more thasr@er of magnitude. The Coos, Tillamook,

and Yaquina all had relatively large estuaries camag to the watershed (>2.5%) while the
Alsea and Salmon River had moderate-sized estuaviapared to the watershed (ca. 1%). Even
though they differed 7-fold in estuary size, thestdeca and Umpqua River had the smallest
estuaries in relation to their watersheds, withi@st-to-watershed percentages of 0.61% and
0.28%, respectively.
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3.5 Watershed Characteristics and Land Cover

The percent land cover values for selected cladfstte watershed associated with each of the
target estuaries are given in Table 3-3 based®@2@1 NOAA land cover data (see Chapter 2).
Averaged across the entire watershed, none of thessheds are highly developed. The
maximum “high intensity development” land coversdavas only 0.23% of the Coos watershed.
The combined “high intensity development” and “lowensity development” classes exceeded
0.5% only in the Coos and Yaquina watersheds. ekitent of cultivated land was also very low,
with a maximum of 0.22% in the Alsea watershed. ilévilere is little cultivated land, pasture
for cattle grazing occurred within some of the ¢alwatersheds, in particular the Tillamook
watershed. The NOAA survey does not have a landradass specifically for pasture, but does
have a class for grasslands which includes botlralagrassland and pastures. To better capture
the extent of pasture land, we used the 1992 Nalticemd Cover Data (NLCD) land cover data,
which has a pasture land cover class. Based oNltl® data, the Tillamook, Umpqua River,
and Nestucca watersheds each had about 3% to 48ure.

An integrative measure of land cover alteratiotihespercent impervious surfaces (see

Chapter 2). The target estuaries showed a snmagjeran this metric, with all the values about
2% (Table 3-3). These values are well below tB&c/cutoff for “exceptional” environmental
conditions used in the NOAA'’s “Spatial Wetland Assment for Management and Planning”
(SWAMP) model (Sutter, 2001). These low percerdagaltered land use and percent
impervious surfaces among the target estuariesepresentative of PNW watersheds in general
(Tables 2-6 and 2-7).

3.5.1 Watershed Slopes

The median degree slope and median percent sldpe tdrget estuaries are given in Table 3-3.
For details on methods and datasets used to cidausdershed slope see Section B.12.4. We
prefer degrees slope, which is bounded betweer @@nlegrees, in comparison to percent
slope, which can vary from 0 to infinity. Thoudtey are the more commonly reported values,
percent slopes can obtain very high values in amgtiscliffs, which can skew the distribution
and the mean compared to using degrees slopeEFAaNatershed Academy states that “high
relief watersheds may have increments of 5-20 péerce
(http://www.epa.gov/owow/watershed/wacademy/wansiermhtml). Using this criterion, all

the target watersheds have a high relief, with aregercent slopes ranging from 24.9% in the
Salmon River watershed to 40.8% in the Tillamookenshed. The range in degrees slope was
from about 14 degrees in the Salmon River watergheder 22 degrees in the Tillamook
watershed. Regardless of how it is measured, fieigdf is characteristic of PNW coastal
watersheds

3.5.2 Population Characteristics

The Umpgua River and Coos watersheds had the tdrgesan populations, about 100,000 and
39,000, respectively (Table 3-4). Although the Wmg watershed has the largest population,
the majority of the population (about 74,000) isdted in the Roseburg area, which is 125 km
from the coast. In contrast, the bulk of the papiah in the Coos watershed is located adjacent
to the estuary. Normalized to watershed areapdpeilation density in the Coos watershed was
about 25 people per Kinabout 66% to 6-fold greater than the watershedsd other target
estuaries. To put the Coos watershed densityrgppetive, the Coos population density is one
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Table 3-2. Estuary and watershed size of the sergpet estuaries. Estuary area includes the magstuarine, and tidal riverine

NWI classes. Estuarine intertidal and subtidahsi@nd the percent intertidal only include theaste NWI classes, so that the sum

of the intertidal and subtidal may not equal thtaltestuary area. The intertidal area includaggularly exposed”, “regularly
flooded” and “irregularly flooded” habitats (approately MLLW to MHHW).

ESTUARY | LATITUDE | ESTUARY ESTUARINE ESTUARINE % INTERTIDAL WATERSHED | ESTUARY SIZE
AREA INTERTIDAL SUBTIDAL OF ESTUARINE SIZE AS % OF
AREA AREA AREA WATERSHED
(deg N) (km?) (k") (kn) (km?) (km?)
Alsea 44,4227 12.49 7.83 4.66 62.7 1222 1.02
Coos 43.4294 54.90 29.89 24.32 55.1 1575 3.48
Nestucca 45,1827 5.00 2.88 1.79 61.7 826 0.61
Salmon 45.0469 3.11 1.72 0.25 87.3 193 1.61
Tillamook 45,5130 37.48 25.61 11.23 69.6 1455 2.57
Umpgua 43.6694 33.78 8.85 18.88 31.9 12146 0.28
Yaquina 44,6205 19.96 9.05 9.77 48.1 650 3.07




Table 3-3. Watershed attributes of the seven tagjearies. Slope is given in degrees and pestepé¢. Land cover data for
selected classes from the NOAA 2001 dataset exoepiie percentage for “pasture” which is from 894 NLCD data. The “%
Impervious Surfaces” was calculated using the 384@D data (http://www.epa.gov/mrlc/nlcd-2001.htmThe % impervious
surface values generated from the NOAA land colasses using Attila (U.S. EPA, 2004c) are giveparentheses for reference.
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LAND COVER (% WATERSHED AREA) Median
High Low % slope
Intensity Intensity Grasslands Mixed Impervious | (degrees/
ESTUARY | Development| Development| Cultivated Pasture Deciduou EvergregnForest | Shrub| Surfaces percent)
Alsea 3.31/ 0.51 18.1/
0.02 0.13 0.22 130 3.07 57.07 25.86 6.82 (2.01) 327
Coos 7.09/ ] 1.16 185/
0.23 0.86 0.00 139 1.45 48.64 15.89 15.43 (2.65) 335
Nestucca 5.49/ it 0.55 149/
0.02 0.14 0.00 301 4.63 44.60 29.22 12.11 (1.98) 26.6
Salmon 4.65/ i 0.85 14.0/
0.01 0.14 0.00 0.84 3.43 45.60 24.97 13.2 (2.15) 249
Tillamook 6.69 / 0.87 22.21
0.12 0.36 0.00 448 5.85 46.02 28.37 6.19 (2.30) 40,8
Umpqua 11.19/ 0.46 18.0/
0.08 0.40 0.12 453 0.49 62.79 6.94 14.7( (2.20) 375
Yaquina 6.24 / 4 0.89 16.5/
0.10 0.40 0.00 0.36 5.19 36.18 27.24 16.73 (2.38) 29.7
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Table 3-4. Population size and density in the séaeget estuaries. Population estimates bas@®@d census for the entire
watershed. Population densities (# pefkane normalized both to the area of the watersinedto the area of the estuary.

POPULATION POPULATION DENSITY (# per kr’r) % POPULATION
IN NORMALIZED TO NORMALIZED TO CHANGE FROM

ESTUARY WATERSHED WATERSHED SIZE ESTUARY SIZE 1990 TO 2000
Alsea 4825 3.9 386 5.78
Coos 38,950 24.7 709 2.67
Nestucca 3404 4.1 681 12.28
Salmon 2881 14.9 926 20.10
Tillamook 7600 9.7 203 11.84
Umpqua 99,401 8.2 2943 6.09
Yaquina 7970 12.3 399 -4.85




to two orders of magnitude lower than in many Cardnd Southern California coastal
watersheds, including Elkhorn Slough (339 RmSouth San Francisco Bay (745 RmSan

Diego (780 krif), and Anaheim (2841 k). Population density was also normalized to the
estuarine area, with the densest normalized papalatcurring in the Umpqua River watershed
with over 2900 persons per kmof estuary. This high value for the Umpqua RiEstuary, in

part, reflects the small estuary size comparetigdarge size of the Umpqua River watershed
(Table 3-2). However, this value is still at leastorder of magnitude smaller than those the
moderate and large sized estuaries in Central anth&n California.

The percent population change from 1990 to 200@damong the watersheds. The largest
percent growth was in the Salmon River watersheidiwincreased by 20% within a decade. At
the opposite extreme, the Yaquina watershed agtsiatiwed a decrease in population of about
5%. For the Yaquina watershed it is important&tmognize that other than the bay front, most of
the City of Newport lies outside of the watersh&dhe population decrease in the Yaquina
watershed over this period probably reflects a pain decrease in City of Toledo, located in
the upper portion of the Yaquina watershed.

3.6 Estuarine Hydrology

The seven target estuaries are relatively shalldtv mvean depths of 1.5-3 m (Table 3-5). The
volumes of the target estuaries range from 15m{(Salmon) to 2 x 1m?® (Coos), and are
considered small estuaries compared to many iiBe(Hickey and Banas, 2003). These
estuaries are classified as mesotidal with a mdahrange of about 2 m (Table 3-5) and have
mixed semidiurnal tides. There is a close couptiatyveen the estuaries and the coastal ocean
as a result of the large tidal prism relative ttuasy volume (Table 3-5 and Hickey and Banas,
2003). Additionally, there is considerable varigpin the mouth width of the estuaries, with
the Salmon River Estuary having the smallest méu#h0 m) and Coos and Umpqua estuaries
having the largest (400 - 600 m, Table 3-5).

Reflecting the seasonal pattern in rainfall, frestewx flow is about 5-fold to almost 10-fold
higher in the wet season compared to the dry sgdsdole 3-6). The wet season is defined as
November through April while the dry season is dedi as May through October. This
seasonality in riverine inflow is several timesajes for estuaries in the PNW compared to those
along the Atlantic coast of the U.S. (Hickey anach&s 2003). The Simmons Ratio, which is the
ratio of riverflow per tidal cycle to tidal prisris often used to classify estuaries by stratifaati
(Simmons, 1955). When the Simmons Ratio is grehtar 1, the estuary is highly stratified.
When the ratio is 0.2-0.5, the estuary is consdlpeetially mixed and when it is less than 0.1, it
is considered well mixed. Using Simmons ratioqakdted using annual average inflow), Alsea
and Salmon River estuaries are considered partidhgd, and the remainder of the target
estuaries are considered well mixed.

Residence (or flushing) time is a measure of thenten of water within a defined boundary
(Monsen et al., 2002). Residence time is oftersiclamed a mediating factor in assessing
estuaries susceptibility to nutrient loading (eQ@ujnn et al., 1991; National Research Council,
2000). Estuaries with long residence times areicened more susceptible to nutrient
enrichment than estuaries with short residencestintestuarine residence times are influenced
by freshwater inflow, tides, wind, mixing, stratiition, and system topography. There are
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numerous terms and methods for calculating these $cales of transport, including flushing
time, residence time, local residence time, turndivee, freshwater replacement time, and
transit time (Monsen et al., 2002; Abdelrhman, 2006ivo commonly used methods for
calculating residence time are the fraction oftiveaster method and the modified tidal prism
approach (Dyer and Taylor, 1973). The fractiofreshwater method calculates the amount of
time for the freshwater inflow to replace the freslter in the system. It can be interpreted as the
average transit time for freshwater in the systaohia an appropriate time scale for materials
that are input to the estuary from the river (Sbeldnd Alber, 2002). The modified tidal prism
is more appropriate for the dry season estimatesidal forcing dominates (riverflow small
compared to tidal flow) and for estuaries suchhasé in the PNW where the volume is small
compared to the tidal prism. The fraction of fneaker method is more appropriate during the
wet season when freshwater inflows dominate. Rteddan Table 3-7 are wet and dry season
residence times for the seven estuaries calculetied) the modified tidal prism and fraction of
freshwater inflow approaches. The residence tiofidise seven target estuaries are short
(typically less than 1 month). During the wet seaghe residence time calculated using the
fraction of freshwater method ranges from 2 to a@sclwhile during the dry season, the
residence time calculated using the modified tmt@m method varies from 1 to 48 days.

3.7 Nutrient Loading

Previously published estimates are available fisogen and phosphorous loading for six of the
target estuaries. The nitrogen loading variesd@4or the seven target estuaries with the
Salmon River Estuary having the lowest nitrogemliog and the Umpqua River Estuary having
the highest (Table 3-8). This variability in nigen loading is related to differences in stream
flow among the estuaries (Table 3-6). The loadinggable 3-8 represent point sources as well
as nonpoint and upstream sources. The Umpqua Bsteary had the highest phosphorous
loading, while the Yaquina had the lowest (Tabkg)3-Point source inputs represented the
largest phosphorous source in Coos and Yaquinargssywhile in Tillamook, and Umpqua
estuaries non-point inputs from forested land veasdominant source of phosphorous (Quinn et
al., 1991). Nonpoint source inputs associated foitested land was the dominant nitrogen
source in Coos, Tillamook, Umpqua, and Yaquinaasts (Quinn et al., 1991). Upstream
sources were the major source of nitrogen and glawsps in the Alsea Estuary (Quinn et al.,
1991). Nutrient loading estimates are often noizedl by estuary area and volume to examine
sensitivity to nutrient loading. When the nitrogeading estimates are normalized to area,
Yaquina and Coos have the lowest loading, while guapand Alsea have the highest.

The loadings presented in Table 3-8 do not incthdenput of nutrients from the coastal ocean.
Brown and Ozretich (2009) compared the major sauotelissolved inorganic nitrogen (DIN) to
Yaquina Estuary during the wet and dry seasonsl€T&8). There are strong seasonal
differences in the nitrogen sources to the estunyring the wet season, riverine sources
dominate, while during the dry season oceanic ggnoinputs associated with coastal upwelling
dominate. In the dry season, benthic flux of Ditbhf the sediments into the water column is the
second largest source of nutrients. Atmospheposiéon of nitrogen is a minor nitrogen
source with direct deposition on the estuary oafyresenting about 0.05% of the inorganic
nitrogen input to the estuary. In addition, atnfasgc deposition on the watershed is small (8%)
compared to the watershed input associated witbgeh fixing red alder in the watershed.
Annual nitrogen input from wastewater treatmentlitgaeffluent is estimated to be 0.4% of the
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total input to the estuary. The ocean is also@elaource of phosphorous to PNW estuaries;
however, at this time the oceanic phosphorous ihgaldas not been quantified.

Oregon Coast Range streams have high nitrate ctvatiens relative to other forested PNW
watersheds (Compton et al., 2003). Wigington ef1&l98) hypothesized that forest vegetation,
in particular the presence of red ald&inis rubrg, is the primary control of spatial variability
in stream nitrate concentrations in the Oregon €CRasge (including the Salmon River, Siletz,
and Alsea watersheds). Red alder is a native ep@tithe PNW that colonizes areas disturbed
by fires, logging and landslides. Red alder hawelsotic N>-fixing bacteria that can fix 50-200
kg N ha' y!in pure stands (Binkley et al, 1994). Comptoalef2003) found a significant
relationship between alder cover in the watersimebnéirate concentration in streams in the
Salmon River watershed. Naymik et al. (2005) foarsimilar relationship between stream total
nitrogen and broadleaf cover (which is primarilg edder in the Coast Range) in the Tillamook
watershed. Brown and Ozretich (2009) estimateti>t{&0% of the riverine nitrogen loading to
Yaquina Estuary is related to red alder cover.
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Table 3-5. Hydrographic characteristics of theesetarget estuaries. Sources were (1) Shirzad €t988), (2) Johnson and Gonor
(1982), (3) Percy et al. (1974), (4) Coastal InResearch Program (http://cirp.wes.army.mil/dateb@sletsdb/inletsdbinfo.html), ,
(5) http://tidesandcurrents.noaa.gov/tidesO04/talibaeml, and (6) http://ian.umces.edu/neea/sitemétion.php. Mouth widths are
from the Pacific Coast Ecosystem Information Syste@EIS Lee and Reusser, 2006).
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RATIO OF
ESTUARINE
TIDAL ESTUARINE| VOLUME | MOUTH | MEAN
TIDAL RANGE PRISM VOLUME | TOTIDAL | WIDTH | DEPTH
ESTUARY (m) (m°) (m°) PRISM (m) (m) DREDGED
Alsea 1.8 (1,5) 1.15x 1@1) | 1.9x 16(6) 1.6 140 2.0 (1) No
Coos 1.7 (5) 527 x1q3) | 2.1 x 16(6) 3.9 620 1.5 (3) Yes
Nestucca 1.8 (5) 110 No
Salmon 1.6 (2,3) 95x102) | 1.4x16(2) 1.5 40 No
Tillamook 1.6-1.9 (5) 4.81 x 1q1) | 7.0x10(6) 1.5 360 1.8 (1) Yes
(primarily
prior to
1979)
Umpqua 1.6 (5) 6.23x 1@Y) | 7.5x 10(6) 1.2 425 Yes
Yaquina 1.8-1.9 (5) 2.38 x 104) | 3.0x10(6) 1.3 290 3.0 (1) Yes
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Table 3-6. Wet and dry season freshwater inflowttie seven target estuaries. Sources: (1) Shetzal. (1988); (2) Quinn et al.
(1991), and (3) Percy et al. (1974).

n

WET DRY ANNUAL SIMMONS RATIO = ESTUARY TYPE
SEASON| SEASON | AVERAGE | RIVERFLOW PER TIDAL BASED ON
ESTUARY | (m®s? (m®sh (m®s?) CYCLE / TIDAL PRISM | SIMMONS RATIO SOURCE/NOTES
Alsea 112 15 65 0.3 Partially Mixed (1)
Coos 82 0.1 Well Mixed (2)
Nestucca 51 8 30 Nestucca River near Beaver
43 Estimate of flow at mouth (3
Salmon 18 4 11 0.5 Partially Mixed Discharge reas
Tillamook 189 31 110 0.1 Well Mixed (1)
Umpqua 342 71 209 0.1 Umpqua discharge near Elkig
210 Well Mixed Umpqua River from (3)
19 Smith River from (3)
Yaquina 48 5 27 0.1 Well Mixed (1)
Table 3-7. Residence time calculated using theifireddidal prism and fraction of freshwater apprbas for the seven target
estuaries.
FRACTION OF
MODIFIED TIDAL PRISM FRESHWATER INFLOW
WET DRY WET DRY SEASON
SEASON SEASON SEASON
ESTUARY (days) (days) (days) (days) SOURCE
Alsea 1 4-9 NA 14 - 17 Choi (1975)
Coos 7-13 11-16 2-10 34 Choi (1975)
13-16 40-48 3-11 19-31 Arneson (1976)
Nestucca NA NA NA NA
Salmon NA 1-2 NA 1-2 Askren et al. (1976)
Tillamook 2-3 3-4 3 9 Choi (1975)
1-7 5-32 Colbert and McManus (2003
Umpqua 4-5 5-10 3 5-8 Choi (1975)
Yaquina 6 6 -9 9 20 - 106 Choi (1975)




Table 3-8. Estimates of nutrient (nitrogen andgphorous) loading to six of the seven target essial_oad estimates are not
available for Nestucca Estuary, and phosphorouslage not available for Salmon River estuary.allloiad estimates for Alsea,
Coos, Tillamook, Umpqua and Yaquina are from Qunhal. (1991), while nitrogen load estimate fom%ah River Estuary estimated
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from flow and DIN from Compton et al. (2003).

NITROGEN LOADING PHOSPHOROUS
TOTAL | NORMALIZED | NORMALIZED | TOTAL | NORMALIZED | NORMALIZED
BY ESTUARY | BY ESTUARY BY ESTUARY | BY ESTUARY
AREA VOLUME AREA VOLUME
ESTUARY | (tonsy") | (tons knfy?) (tons nt y?) (tonsy") | (tons knf y? (tons n? y'Y)
Alsea 3875 310.3 2.0x 10 61 4.9 3.2x 16
Coos 3054 55.6 1.5 x 0 95 1.7 4.5 x 10
Salmon 337 108.4 2.4 x10 NA NA NA
Tillamook 4315 115.1 6.2 x 10 73 2.0 1.0 x 18
Umpqua 8870 262.6 1.2 x 10 163 4.8 2.2 x 16
Yaquina 984 49.3 3.3x 10 48 2.4 1.6 x 18

Table 3-9. Comparison of nitrogen sources durieggand dry seasons for the Yaquina Estuary (Braveh@zretich, 2009).

NITROGEN INPUT (mol DIN &)
ANNUAL

SOURCE WET SEASON DRY SEASON AVERAGE
River 2.6x18 2.3x 10 1.6 x 16
Ocean 8.8 x 10 3.8-5.1x10 2.3-3.0x10
Wastewater 1.8 x 0 1.5 x 10 1.6 x 16
Benthic Flux - 4.3x 10 -
Atmospheric Deposition

On Estuary 2.2x16G 1.2 x 16 1.7 x 16

On Watershed 1.1 x 1d 6.0 x 16 8.5 x 16
Source: 'DeWitt et al. (2004)




CHAPTER 4:
WATER QUALITY SURVEYS IN SEVEN TARGET ESTUARIES

Cheryl A. Brown and Christina L. Folger

Key Findings

* Water quality conditions in the target estuaries duing the dry season were
dependent upon ocean conditions at time of samplirend fresh water inflow.

e The coastal ocean was the primary source of phospieaduring the dry season.
e Estuaries received nitrogen from coastal ocean andatershed.

* Dry season chlorophylla levels were relatively low in target estuaries, \h 85%
of the stations sampled having chlorophyla levels < 5 pg .

« No incidence of low dissolved oxygen (< 5 mg)loccurred at any of the stations
sampled.

* There were some instances of poor water quality cditions (based on high
dissolved inorganic nitrogen) in Tillamook Estuary.

* Wet season dissolved inorganic nitrogen levels apgeto be related to the red
alder cover within the watersheds.

4.0 Introduction

We collected water quality data in seven targetagts to evaluate current water quality
conditions and for use in dividing each estuarg imtean- and river-dominated segments with
respect to nitrogen sources. These estuariesgANestucca, Yaquina, Salmon River, Coos,
Umpgqua River and Tillamook) vary in size from ab8Wnt to 55 knf, and from river to ocean
dominated (Table 3-1 and 3-2). Our sampling caedisf high tide and low tide water quality
cruises and of short-term deployments of waterityudatasondes during the months of June
through September of 2004 and 2005.

Most of this chapter focuses on the dry season (fd&yctober), because this is the time period
of biological nutrient utilization. During the weeason (November to April), there is little
nutrient utilization due to short residence timasspciated with high freshwater inflow) and low
solar irradiance. Mixing diagrams from Yaquinaguhlished data) and Tillamook estuaries
(Colbert and McManus, 2003) reveal conservativesipart of nutrients during the wet season.
In addition, water column chlorophyland macroalgae biomasses are minimal during thhe we
season.
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Previous research (e.g., de Angelis and Gordor;1R8egner and Shanks, 2001; Roegner et
al., 2002; Colbert and McManus, 2003) has demotestridnat PNW estuaries are strongly
influenced by conditions occurring on the shelfparticular wind-driven coastal upwelling
during the spring and summer. The N®Q.*, and temperature of water entering estuaries
during flood tides respond rapidly to changes ongtshore wind stress. High levels of
dissolved inorganic nitrogen (primarily in the foohNOs) and PQ® entering the Yaquina
Estuary lags upwelling-favorable winds by abougfd(Brown and Ozretich, 2009). The input
of phytoplankton lags upwelling favorable windsdpproximately 6 days and typically occurs
during downwelling conditions (Brown and Ozreti@®09). Variations in water properties
determined by ocean conditions propagate approgimaf-13 km into the Yaquina Estuary.
Recently, there have been occurrences of sevelaypn the inner continental shelf of Oregon
(Grantham et al., 2004; Chan et al., 2008). Aesrfow oxygen water from the inner shelf is
advected into the Yaquina Estuary (Brown et alQ720

4.1 Methods

4.1.1 Water Quality Cruises

Water quality cruises were conducted in the seasget estuaries during the summers of 2004
and 2005. During each cruise between 10 and liérsséavere sampled in each estuary,
depending upon the size of the estuary, and higHam tide cruises were conducted. The time
required to complete each cruise depended uposizbeof the estuary, with small estuaries
(Salmon River, Nestucca, and Alsea) taking 2-3 siamd larger estuaries (Coos and Tillamook)
taking about 4-5 hours. Due to logistical constissome of the riverine stations in Coos and
Tillamook were sampled up to 7 hours after the ti@igg of the cruise. To minimize the time
required to complete each cruise, two boats wezd tssample the three largest estuaries
(Coos, Tillamook and Umpqua River). Both the lavdigh tide cruises proceeded from the
estuary mouth upriver to follow the propagatiorited tide. For location of water quality cruise
stations in each target estuary see Chapter 5.ciliges extended from the marine to the tidal
fresh regions for all estuaries except Coos Estukoy Coos Estuary, the lowest salinity
sampled during the dry season was 14 psu. The dathe cruises and the number of stations
occupied in each estuary are presented in TableWsd didn’t sample during May or October
because these are transitional months that mayierpe high freshwater inflow events.
Additional cruises were conducted to characterizgex conditions during the wet seasons of
2006 and 2007.

Table 4-1. Dates of cruises and number of stasanspled for the seven target estuaries.

DATES OF DRY SEASON | DATES OF WET SEASON NUMBER
CRUISES CRUISES OF

ESTUARY HIGH TIDE LOW TIDE HIGH TIDE| LOW TIDE | STATIONS
Alsea 9/24/04 9/28/04 3/11/07 3/12/07 10
Salmon 7/20/04 7/16/04 3/21/07 3/27/07 10
Yaquina 6/15/04 6/21/04 2/9/06 10
Coos 8/9/05 8/8/05 2/16/07 2/15/07 17
Nestucca 8/11/04 8/20/04 1/25/07 1/27/07 15
Tillamook 7/22/05 7/23/05 3/2/07 3/1/07 15
Umpqua 6/24/05 6/25/05 2/11/07 2/12/07 13
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At each station profiles of conductivity, temperatand depth (CTD; SBE 19 SEACAT Profiler,
Sea-Bird Electronics, Inc., Bellevue, Washingtaajbidity (Seapoint Turbidity Sensor,
Seapoint Sensors, Inc., Kingston, New Hampshit&igsynthetically active radiation (PAR,
LI-193 spherical sensor, LI-COR Biosciences, Limcdebraska) anth situ fluorescence
(WETStar Chlorophyll Fluorometer, WET Labs, PhildmaOregon) were measured. All
instruments on the Sea-Bird profiler were factamjrated by the manufacturer. The profile
measurements were taken at 0.5-sec intervals fnerwater surface to 0.5 m above the bottom,
and during post-processing the data were binneddr5-m intervals. If the water depth at the
station was shallow (typically less than 4 m), d 8&00 multiparameter sonde (YSI, Yellow
Springs, Ohio) was used for water quality measurdésn@gemperature, conductivity,
fluorescence, turbidity, depth, and dissolved oxygeDissolved oxygen measurements for the
profiles were obtained using a YSI 6600 attachethi¢oSeabird frame. Dissolved oxygen
measurements (surface, mid-depth, and bottom) eadlected in Tillamook, Coos and Umpqua
River estuaries during both the low and high tidgses, and during the low tide cruise in
Salmon River Estuary. No dissolved oxygen measengsnwere collected in the Alsea, Yaquina
and Nestucca estuaries. The YSI datasondes wireabad using the methods presented in
Section B.4.

Water samples were collected from mid-depth at s#atiion using a hand-operated pump,
filtered (0.45um filter), and frozen until analysis. The samplesse analyzed for dissolved
inorganic nutrients (nitrate+nitrite, ammonium, ppbate and silicate) by MSI Analytical
Laboratory, University of California-Santa Barbata#. One-liter surface water samples were
collected from each station and analyzed for clgbytl a. These water samples were filtered
within 2 to 4.5 hours of sample collection usingmih GF/F filters. The volume of water

filtered varied between 250 and 500 ml. Chlorophylas extracted by sonicating the filters
and soaking them overnight in 10 ml of 90% acetoflge next morning the samples were
centrifuged and analyzed for chlorophgitontent using a fluorometer (10 AU Fluorometer,
Turner Designs, Inc., Sunnyvale, CA). Four-liteaater samples were collected from each cruise
station and analyzed for total suspended solidS)T&ach sample was agitated prior to
filtration and filtered using ashed Whatman 47 mEifilters. Filters from samples were dried
overnight in an oven at 70°C and allowed to reacimr temperature in a desiccator prior to
weighing. More information on the water column gégranalyses can be found in Section B.2.1
and B.2.2

4.1.2 Datasonde Deployment

YSI 6600 multiparameter sondes (YSI, Yellow Sprim@kio) and Mini-CTDs (Star-Oddi,
Iceland) were deployed in the seven target estwmatang the salinity gradient (see Table 4-2 for
number of instruments deployed in each estuaryGirapter 5 for maps illustrating deployment
locations). The YSI datasondes measured condtytiemperature, turbidity, chlorophwl(in
situ fluorescence), dissolved oxygen, pH, and deptnid@irD units measured depth, salinity
and temperature. Both instruments collected dait® aninute intervals. During 2004, we lost
two instruments deployed in the lower portion of testucca Estuary. In order to fill this data
gap, in 2006 an additional YSI 6600 CTD was depdogethe mouth and three additional Mini-
CTDs were deployed in the mesohaline region oe#taary. Calibration procedures for all
instrumentation are presented in Sections B.2-BiAaddition to the datasondes that we
deployed, there were additional YSI datasondesogeplin Coos Estuary associated with the
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South Slough Estuarine Research Reserve (CharlBsidge and Valino Island) and Oregon
Institute of Marine Biology (OIMB). The locatiomd these instruments (labeled Y5-Y7) are
presented in Figure 5-10.

Table 4-2. Number of short-term datasondes degldyeing the dry season in each estuary and
year deployed.

NUMBER OF YSI NUMBER OF MINI-

ESTUARY DATASONDES CTDS
Alsea 2 (2004) 3 (2004)
Coos 7 (2005) 3 (2005)

2 (2004) 3 (2004)
Nestucca 1 (2006) 3 (2006)
Tillamook 4 (2005) 2 (2005)
Salmon 2 (2004) 3 (2004)
Umpqgua 4 (2005) 3 (2005)
Yaquina 5 (2004) 0

4.2 Riverine Nutrient Inputs During the Wet Season

To examine differences in riverine nutrient levielsthe target estuaries, we calculated median
wet season dissolved inorganic nitrogen (DIN) a®4d®Rusing stations with salinity < 2 psu
(Table 4-3). During the wet season, the Yaquinaagg had the highest riverine DIN levels,
while Umpqua had the lowest. In general, estuatifierences in wet season DIN were similar
to variations in deciduous cover among the estsdfiable 4-3). This suggests that variations in
riverine DIN among the estuaries primarily resudinfi variations in red alder cover, which is
similar to the findings of Compton et al. (2003ypafigington et al. (1998). The Nestucca
estuary had the highest median wet seasofii Plable 4-3). The highest wet season DIN levels
observed in the target estuaries were measuredtaar$s C4 and C12 in the Tillamook Estuary
(Figure 5-12). Highest median NHevels were measured in the Tillamook Estuarythed
highest NH" values measured occurred at Stations C4 and Cth2 ifiillamook Estuary.

Table 4-3. Median wet season dissolved inorgamiogen and phosphate calculated using
stations with salinity < 2 psu. The table entaes listed from highest to lowest DIN levels.

MEDIAN WET SEASON DECIDUOUS
ESTUARY DIN (uM) NH4" (uM) PO,> (uM) COVER (%)
Yaquina 92.6 0.93 0.35 5.19
Tillamook 69.8 2.66 0.40 5.85
Nestucca 61.9 0.87 0.59 4.63
Alsea 35.0 0.99 0.38 3.07
Salmon 34.9 0.88 0.25 3.43
Coos 33.3 1.04 0.24 1.45
Umpqua 17.6 1.60 0.28 0.49
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4.3 Coastal Ocean and River Conditions During Dnseason Sampling

The seven target estuaries span about 250 km #ierf@regon Coast (Figures 2-3 and 2-4).
Flood-tide water temperature can be used as acatwitiof ocean conditions during our surveys
and to assess the variability in upwelling alongy@regon Coast. Low flood-tide water
temperatures (8 — 1G) indicate the input of high-nutrient (NGind PQ*) water to the
estuaries associated with upwelling while warm terafures indicate downwelling conditions
and input of low-nutrient water from the oceangufe 4-1 shows the flood-tide water
temperature near the mouth of Yaquina Estuaryi@®tatl, which has been previously been
demonstrated as an indicator of upwelling/downwglliNelson and Brown, 2008) and water
temperature for the high tide cruises for the ontest estuarine stations sampled for the 2004
classification effort. Figure 4-2 shows the flomdk water temperature near the entrance of
Yaquina and Coos estuaries (which are about 14@panmt) and the water temperature from the
high tide cruises from the 2005 classification gffdr' he close agreement between Yaquina and
Coos estuaries flood-tide water temperatures andriemperatures from the classification
cruises demonstrates that the ocean conditionektesely uniform over the geographic range
of estuaries that we sampled during 2004 and 20bis agrees with the analysis by Hickey and
Banas (2003) that demonstrated that water tempesa#it the entrance of three estuaries along
the Oregon and Washington coasts (Coos, Grays HartltbWillapa), which spanned 400 km,
were highly correlated during the upwelling seasbuiring 2004, the Salmon River and
Nestucca estuaries were sampled during low oceanient conditions, with the high tide
cruise outermost stations having lENO, levels of < 1.31M and PQ* levels of < 0.5uM.

There was a delayed onset of coastal upwellinggatlbe Oregon coast during 2005 with weak
upwelling conditions occurring from late May to niidly and strong upwelling conditions not
commencing until mid July (Kosro et al., 2006). ribg 2005, all estuaries that we sampled
during high tide coincided with upwelling condit®rwhich is indicated by the relatively high
NOs;+NO, and PQ® conditions at the outermost stations. The upmgltionditions were
stronger during the Tillamook and Coos estuariases than the Umpqua cruises (Figure 4-2).
This is evident in the NOFNO, and PQ™ levels during the high tide cruise at the outertmos
stations of the Tillamook and Coos estuaries coegpaith the Umpqua River Estuary.
Nitrate+nitrite concentrations at the outermostictas were 19.1 and 236M for the Coos and
Tillamook estuaries, respectively, compared to 1219n the Umpqua River Estuary.

We used water temperature versussN8O, and PG relationships generated using data from
the inner shelf off of Newport, Oregon (Wetz ef a005), to determine whether the nutrient
concentrations in the water entering the estualiemg flood tides were consistent with values
associated with coastal upwelling (Figures 4-344). For all of the estuaries, except for
Alsea, the high tide outermost stations fell altmgrelationships developed using offshore data,
suggesting that the NOand PG levels near the estuary mouths were consistehteoiastal
upwelling.

The elevated N©*+NO, concentrations at the mouth of the Alsea Estuanevassociated with
high freshwater input. There was a relatively Higdshwater inflow event on September 19,
2004, which was 5 days prior to the high tide Alsease. On September 19, the Alsea River
gauge at Tidewater (http://waterdata.usgs.gov/asiisw) had a discharge of 1120 cubic fékt s
(cfs), which is almost an order of magnitude higiwan the long-term mean daily discharge for
September (130 cfs). We had additional cruiseah@Rlsea Estuary on September 21, 2004,
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which had an N@+NQO, concentration at the most riverine station of 8vB(with salinity =

0 psu). The Oregon Department of Environmentalli@uittp://deql2.deq.state.or.us/lasar2/)
sampled the Alsea River at a station about 20 rigsver from the mouth of the estuary on
September 22, 2004 which had afN@IO, concentration of 49.4M, which was the highest
value measured at this station during Septembireipast 11 years. The median ;NDIO,
concentration at this station for the month of $egier was 6.8M (data from 1994-2005,

n =9). The anomalous N@NO, concentrations at the Alsea Estuary were a reétitis first
freshwater inflow event of the fall. Interestingtile PQ® concentrations during the 2004 Alsea
cruise were not anomalous.
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Figure 4-1. Flood-tide water temperature at Yaguistuary (solid line) and outermost high tide
station from 2004 dry season classification cru{#ted circle). Each datapoint from the
classification cruises is labeled with its estuaayne.
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Figure 4-2. Flood-tide water temperature at Yagyiack line) and Coos (gray line) estuaries
and outermost high tide stations from 2005 dry seatassification cruises (filled symbols).

4.4 Estuarine Water Quality

4.4.1 Dry Season Chlorophyla and TSS Patterns

In Tables 4-4 and 4-5 we present the median dryogeehlorophyll, TSS, NQ+NO,, NH,",
and PQ* for the target estuaries and rank the estuayi¢sdse median values. Dry season
chlorophylla within the seven target estuaries was low withealiam value of 2ig I (all
estuaries and dry season cruises). Chlorophyks in the low to medium category for
eutrophication symptoms (Bricker et al., 2003).qiaa Estuary had the highest median
chlorophylla (5.6 ug I'), while the Umpqua River Estuary had the lowes (@ I'). The
highest chlorophyla measured was 17, I, which occurred near the mouth of the Coos
Estuary (at Station C2). The Coos Estuary hadhithieest median total suspended solids
(13.1 mg 1), while the Umpqua River Estuary had the lowed (g I'). Our data suggests
that ocean-dominated estuaries have higher chlghoglhan river-dominated estuaries. Itis
not possible to separate out the chlorophgbksociated with oceanic import from that growing
in situin the estuary from this dataset.
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(hollow circles). All data are from the dry season
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Roegner and Shanks (2001) demonstrated that ocgl@biophylla was imported into South
Slough in the Coos Estuary and that chloropaybncentrations were variable ranging from 0
to 15ug I*. Previous research in the Yaquina Estuary (Brameh Ozretich, 2009) has
demonstrated that water entering the estuary ddliong tides can have peak chlorophgll
concentrations of 40-50g I, and that the chlorophydi levels in the ocean-dominated portion
of the estuary are dependent upon coastal windhipand are quite variable. The median
chlorophylla imported into the Yaquina Estuary during May-Sagier of 2002 and 2003 was
4ug ™ (n = 298).

There was no clear pattern in chloroplay(from water samples) versus salinity, except for
during the high tide cruise in Coos Estuary (Figd#®). During the high tide cruise in the Coos
Estuary there was evidence of elevated chlorohigVels at higher salinitiedn situ
fluorescence data from two of YSI datasondes ibes Estuary (Stations Y1 and Y3) showed
the import of chlorophyla from the coastal ocean to the estuary (indicated &ignificant
relationship betweem situ fluorescence and salinity) and a strong tidal &igihe low
chlorophylla values in Umpqua were consistent with ithsitufluorescence data. The median
values ofin situ fluorescence at Stations Y1 and Y2 in Umpqua weBgg I'*, and a tidal signal
was not apparent. For comparison, the memfiaitu fluorescence values at Stations Y1 and Y3
in Coos Estuary were 8.2 and 3 I'*, respectively. The median value of chloroplayll
observed in the Yaquina Estuary during this studg wonsistent with historical dry season data
from this estuary (median = 4@ I, n = 1205; Brown et al., 2007). Additionally, thredian
value in the Alsea Estuary was similar to that fnrmnthly sampling conducted from May to
September 2004 (median of all sampling eventsadtations = 1.6g I'*, n = 30).

For PNW estuaries, we compiled all available chpbrdl a data, including other data collected
by our laboratory, National Coastal Assessmentg@reDepartment of Environmental Quality,
and Washington Department of Ecology. Figure &@ns the median dry season chloroplayll
for eight PNW estuaries (including six of the targstuaries) and the freshwater inflow
normalized by estuary volume (Table 2-4). The medihlorophylla patterns obtained by
compiling data from numerous sources is consistéthtvalues we obtained in our surveys.
Median dry season chlorophwlin the target estuaries appears to be relategsbwater inflow
normalized by estuary volume. Estuaries with tve freshwater inflow normalized to volume
have relatively high chlorophydl with median values ranging from 3.3 - 4@ 1™ for these tide-
dominated estuaries (Yaquina, Coos, Netarts anthpd)). Estuaries with relatively high
freshwater inflow normalized to volume (e.g., AlsBalmon and Umpqua) have low median
chlorophylla (1-2ug IY). The tide-dominated estuaries may have relatikiglh chlorophylla
compared to the river-dominated system becausehitey less flushing due to low freshwater
inflow and as a result phytoplankton growing indilde estuary reach higher levels. An alternate
explanation may be that the higher chlorophykvels in tide-dominated estuaries are due to
import of chlorophylla from the coastal ocean. Newton and Horner (2d@8)onstrated that
high productivity phytoplankton blooms are importetb Willapa Estuary from the coastal
ocean and have species that are of oceanic ohigimever, moderate blooms also occur within
the estuary which are combination of phytoplanidpacies of oceanic and estuarine origin.
This suggests that the high chloropte/levels in the ocean-dominated estuaries maybeaae
combination of the two explanations.

104



Table 4-4. Median dry season chloroptayind total suspended solids (TSS) for each estuary
and its ranking. In the ranking, 1 representsettaary with the highest median value and 7
represents the estuary with the lowest.

MEDIAN CHL a RANKING BY MEDIAN TSS RANKING BY
ESTUARY (ng I CHLa (mg M TSS
Alsea 1.0 6 7.4 3
Coos 2.4 3 13.8 1
Nestucca 2.8 2 4.9 6
Salmon 1.6 5 5.1 5
Tillamook 1.7 4 3.7 4
Umpqua 0.9 7 1.6 7
Yaquina 5.6 1 9.7 2

Table 4-5. Median dry season BENO,, NH,*, and PG for each estuary and its ranking.

MEDIAN | RANKING | MEDIAN | RANKING | MEDIAN | RANKING

NOs+NO; BY NH,4" BY PO* BY
ESTUARY (uM) NOz +NO, (uM) NH." (uM) PO
Alsea 30.9 2 4.6 1 0.7 5
Coos 6.1 5 3.2 2 0.9 1
Nestucca 104 3 2.2 3 0.7 4
Salmon 3.3 6 1.4 6 0.5 6
Tillamook 34.0 1 2.0 4 0.8 3
Umpqua 1.9 7 0.9 7 0.3 7
Yaquina 6.1 4 1.7 5 0.8 2
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Figure 4-5. Dry season chlorophgllversus salinity for all estuaries with filled syatb
representing high tide cruises and hollow symbegsesenting low tide cruises.
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Figure 4-6. Median dry season chloroplayllersus freshwater inflow normalized by estuary
volume for eight PNW estuaries. The chloroplayithcludes data from this study, NCA,
Washington Department of Ecology, and Oregon DEQ.
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4.4.2 Dry Season Nutrient Patterns

The Tillamook Estuary had the highest median dasse concentration of NGO NO,, while

the Umpqua River Estuary had the lowest (averagdl stations, low and high tide cruises;
Table 4-5). The Alsea Estuary had similar medi&@ NNO, (rank = 2) as Tillamook, but this
was due to the high freshwater inflow event prttte cruises. Additional sampling in the
Alsea Estuary suggested that theN®IO, and NH," levels were anomalously high during the
dry season cruises. Monthly cruises conductedaemisea Estuary from May to September
2004 had a median N@NO, value of 7.5uM and an NH" value of 1.7uM (n = 30). The
median values of the nutrients in the Yaquina Egtueere similar to medians calculated from
weekKly cruises (with 6 stations) conducted from NMaySeptember 27, 2004 (median NO
+NO, =10.9uM, NH4" = 2.7uM, and PQ* = 0.9uM). In the Tillamook Estuary about 44% of
the stations were located in low salinity regiohshe estuary (with salinity <5 psu), and these
low salinity stations had high NONO, levels (median = 40.3M). Excluding low salinity
stations (< 5 psu), the median concentration of WO, in Tillamook was about 2iM. We
recalculated the median N®NO, only using stations with salinity 5 psu and the ranking of
the estuaries by median N®NO, was Alsea, Tillamook, Nestucca, Coos, Yaquina, goap
River, and Salmon River (highest to lowest).

The Salmon River Estuary had the lowest;NQO, probably due to the low nutrient
conditions in the coastal ocean during the sampirthis estuary. The relatively high NO
+NO, levels (calculated from stations with salinitie§ psu) in the Tillamook Estuary were
probably associated with strong upwelling condsignior to the cruises (see Section 4.3)
combined with relatively high watershed inputs.lli@ot (2004) found median NGO-NO, levels
of ~ 8uM in Tillamook Estuary (using data from May — Sepber 1998 and 1999 with
salinities > 5 psu, n = 46), suggesting there stantial interannual variability. Historical data
in Umpgua Estuary from the Oregon Department ofinwmental Quality confirmed the low
median dry season nutrients in this estuary (medi@s+NO, = 1.6uM and PQ* = 0.3uM , n
=15).

To examine differences in riverine nitrogen inpatsong the target estuaries during the dry
season, we calculated the median dissolved orgatnagen (DIN) using only stations with
salinity < 5 psu. Unfortunately, for the Coos Estuour sampling did not extend far enough
upriver to examine riverine nitrogen input. Alsdkstucca, Tillamook and Yaquina estuaries
had similar DIN levels at the low salinity statio@gs5 psu) with median values of about 44,
while the Umpqua River Estuary had the lowest (&8, and the Salmon River was
intermediate with median values of aboutd. Dry season riverine DIN input appeared to
follow the trends in deciduous cover in the watedsh(Table 3-3), with Alsea, Nestucca,
Tillamook and Yaquina watersheds having the higlestduous cover ranging from 3.4 to
5.9%, and the Umpqua watershed having the lowdSeA.

During the dry season, there was a significantimeiahip between P© and salinity (Figure 4-
7) which demonstrates that the ocean was the domnit@> source for the target estuaries. A
substantial amount of the variability in the Figdr& is due to temporal variations in ocean
conditions. In the P§ versus salinity plots for individual cruises, traiability was reduced
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Figure 4-7. Dry season phosphate versus salioitglf classification water quality stations (all
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Figure 4-8. Dry season nitrate+nitrite versusngiglifor all classification water quality stations
(all estuaries, both years, high and low tide @sjis
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and the Twas as high as 0.97 for some cruises. There vidsree of a PG source at low
salinities in all the target estuaries. Plottin@sN-NO, versus salinity (Figure 4-8) demonstrates
that the estuaries receive BENO, from both the river and the ocean and that therire
concentrations are higher than those associatédtinetocean. EMAP data for Oregon estuaries
exhibited a significant correlation between/£@nd salinity, but no relationship between
dissolved inorganic nitrogen and salinity (Nelso 8rown, 2008). There were two
anomalously high (~9(AM) NO3s; +NO, datapoints that occurred at low salinities, which
correspond to two sloughs in Tillamook Estuary.e3dtwo datapoints will be discussed in
Section 4.5.

4.4.3 Dry Season Salinity Fluctuations

Salinity conditions near the mouth of the sevegdtestuaries were compared to assess the
importance of riverine versus marine dominancerdytine dry season. For this analysis, we
examined the data from the short-term datasonddbdastation nearest the mouth in each
estuary. Since we lost the datasonde deployedtheanouth of the Nestucca Estuary during
mid August 2004, we used data collected in lateust@006. To confirm that this was an
adequate substitution, we compared the high anditsalinity data from the cruises of the
outermost station (Station C10) to the data cadlgéad 2006. The high and low tide data from
Station C10 were comparable to the high and low vialues from the datasondes deployed in
2006 (Station Y2) suggesting that this is an appatg substitution. The datasondes were
located at varying distances from the estuary n®uiffhe datasonde deployed at Station Y2 in
the Nestucca Estuary was located at the mouth.ombs deployed in the Umpqua River and
Salmon River estuaries were about 1 km from thetmoilihe datasonde deployed at Station Y1
in Tillamook Estuary was about 2 km from the esguaouth, while the ones deployed in
Yaquina and Alsea estuaries were about 3 km framrtbuth. In the Coos Estuary, we had a
Mini-CTD deployed near the mouth; however, it matftioned, so our datasonde closest to the
mouth was 6 km from the inlet. Additional data &erovided from OIMB, which is about 1 km
from the estuary mouth.

In the Yaquina Estuary, the salinity varied abopsh over a tidal cycle, even though this station
is located about 3 km from the estuary mouth (Fegs®). In the Alsea Estuary, the salinity
varied about 24 psu over a tidal cycle and thiastatde was deployed at a similar distance from
the estuary mouth as the one in the Yaquina. diffsrence between the salinity variations
between Yaquina and Alsea was probably due tordifees in freshwater inflow. The dry
season freshwater inflow to the Alsea Estuaryrieghimes that into the Yaquina Estuary

(Table 3-6). The influence of the high freshwatdlow event on September 19, 2004 was
evident in the decrease in low tide salinities riearestuary mouth. Salinity data from Station
C1 near the mouth of the Alsea Estuary differed Ipgu between the high and low tide cruises,
which was less than that at Station Y1 due to pnityito the estuary mouth. Even though the
Salmon River datasonde was located close to thamsinouth the salinity varied about 23 psu
over a tidal cycle. These salinity variations weoenparable to those in Alsea; however, the
Alsea datasonde was deployed about 2 km furthdéragy than the one in Salmon River
estuary. The salinity variations near the moutthefNestucca Estuary varied about 13 psu over
a tidal cycle (Station Y2). Salinities near theutioof the Umpqua River Estuary varied about
19 psu over a tidal cycle. Using the datasonde theamouth of Tillamook (Station Y1), the
salinity varied about 14.6 psu over a tidal cydléhen plotted on the same axis, the salinity
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variations at Tillamook were comparable to thosHedtucca (but the Nestucca datasonde was
located closer to the mouth of the estuary). Timisy variations near the mouth of Coos
Estuary are similar to (or slightly less than) #nasthe Yaquina Estuary.

Due to variability in the distance of the shortrtedlatasondes from estuary mouths, we
examined the salinity differences between the higth low tide of the station closest to the
estuary mouth to rank the estuaries in terms @frime dominance. Salinity variations at the
mouth appear to be related to normalized freshwatlenws presented in Table 2-4 (Figure 4-
11). Based on salinity variations and normalizedliwater inflow, the ranking of estuaries in
terms of riverine dominance would be Umpqua (mivgtrrine), Nestucca, Alsea, Salmon,
Tillamook, Yaquina and Coos (most marine).

4.5 Comparison of Water Quality Data to EMAP Criteria

Dry season water quality data were compared to EEAVvironmental Monitoring Assessment
Program (EMAP) West Coast criteria (Table 4-6).taDepllected in the seven target estuaries
were consistent with the EMAP data discussed ini@ed.3; however, since our water quality
stations were not probabilistically sampled, wentdrexpress our results as percent of estuarine
area. There was no incidence of low dissolved ery@ 5 mgt) at any of the stations that we
sampled. All stations (both low and high tide sas of all estuaries) had dissolved inorganic
phosphorous levels in the fair range. As discugsediously, this was primarily resulting from
oceanic input of P§J to the estuaries (Figure 4-7). The majority (8%#the stations sampled
(all estuaries) had chlorophwgllevels in the good range, with the remainder anfthr range.

The chlorophylia was in the good range (<u %) for all stations and both sampling dates in
the Alsea, Salmon River, and Umpqua River estualieshe Coos, Nestucca, and Tillamook
estuaries most of the stations had chlorophyti the good range, but there were a few instances
of chlorophylla in the fair range (Coos had 4 samples, Nestucd&tsamples, and Tillamook
had 1 sample in the fair range). In Yaquina Estuawost of the chlorophyd samples were in

the fair range (14 out of 20). Interestingly, teeurrences of chlorophydl in the fair category
occurred near the mouth in the Coos and Nestud¢uaress suggesting import of high
chlorophylla water from the coastal ocean. In contrast, ttaively high chlorophylla
concentrations in the Yaquina Estuary extended ttmrmouth to the tidal fresh portion of the
estuary.

Most (85%) of the stations sampled had dissolvedganic nitrogen (DIN) levels in the good
category (with 14% in the fair category and 1%hie poor category). All samples in the Coos,
Salmon River and Umpqua River estuaries had DINentnations in the good category. All of
the occurrences of DIN in the fair category ocadiirethe riverine portions of the estuaries with
salinities less than 6.5 psu. The only estuariytihd DIN concentrations in the poor range was
Tillamook (Stations C4 & C12 during low tide cruisich are located in Hathaway and
Dougherty sloughs with salinities of 0.2 and 11s@)p Unlike the anomalously high NO
conditions in the Alsea Estuary during the clasatibn cruises, there was not high river inflow
to the Tillamook Estuary prior to this cruise. Téavas additional nutrient sampling in the
vicinity of C4 and C12 by the Oregon DepartmenEn¥ironmental Quality during 1997 and
1998, which had similar high dry season DIN (peakigs of DIN of about 100M compared to
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Figure 4-9. Dry season salinities near the moattestuaries sampled in 2004 and data
collected in Nestucca (Y2) during 2006 (shifted2oyears) to fill data gap from lost instrument.
The dashed line indicates the high freshwaterwmiiwent on September 19, 2004.
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Figure 4-10. Dry season salinities near the mootlestuaries sampled in 2005. Lines indicate
short-term datasonde deployments, while symbolesemt data from high and low tide cruises
for station nearest the mouth of the estuary wekian name present in parentheses of legend.
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92-96uM observed during our low tide cruise). These stations (C4 & C12) also had the
highest wet season DIN levels observed in the tastearies (see Section 4.2).

This suggests that Hathaway and Dougherty slouggistrne receiving high DIN inputs from
upland sources. Agricultural activities occurhistwatershed adjacent to the estuary, including
confined animal feeding operations. The DIN levelthese sloughs were not consistent with
DIN levels for other nearby Oregon streams durirgrhonth of July. The median DIN in the
tidal fresh portion of the Yaquina River duringyulas 18uM and the maximum concentration
measured during July was 8 (unpublished data of C. Brown, collected 2-3 tinper week
during 2002 and 2003). The median DIN in the tidegh portion of the Alsea River during July
of 2004 was 4M (with a maximum of ~ @M, n = 5, unpublished data of C. Brown).

The degree of stratification was examined by caking the difference between bottom and
surface salinity with the surface being 0.5 m fribv@ surface and the bottom being 0.5 m above
the bottom for most stations. Strong stratificatweas defined as > 2 psu difference between
surface and bottom readings. Due to the shallotengepth during the low tide cruises in the
Salmon River and Nestucca estuaries, only oneptate at mid-depth was collected; therefore,
stratification could not be determined for thesasss.
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Table 4-6. West Coast criteria for water qualidygmeters (U.S. EPA, 2004Db).

RANKING
PARAMETER GOOD FAIR POOR
Dissolved Oxygen > 5 mg | 2-5mg I' <2mgl
Chlorophylla <5ugl* 5-20ug I > 20ug I
Dissolved inorganic <0.5mgt 0.5-1.0 mgT >1mgl
nitrogen
Dissolved inorganic| < 0.01 mgT 0.01- 0.1 mgt >0.1mgt
phosphorous

In aggregate (all cruises, all estuaries, all ate) about 29% of the stations sampled exhibited
strong stratification. The estuary with the highaamber of stations exhibiting strong
stratification was the Alsea Estuary (45% of stag)o The estuaries with the lowest number of
stations exhibiting strong stratification were fikamook and Coos estuaries (13 and 19%,
respectively). The high degree of stratificatinrAisea was probably related to the high
freshwater inflow event discussed earlier in thnapter. For estuaries where we had
stratification data for low and high tide cruisali €stuaries except for Salmon River and
Nestucca), strong stratification occurred morermythe high tide sampling compared to the low
tide (19 occurrences during high tide versus 8rdulow tide cruises). Of the stations that
showed strong stratification, the majority wereiwgrin the low salinity region (<15 psu). This
pattern was particularly evident in the Salmon Rilestucca, and Alsea estuaries. The
Yaquina and Coos estuaries exhibited strong statidn in the ocean-dominated regions.

4.6 Synthesis

During the wet season, DIN levels were higheshenYaquina and lowest in the Umpqua.
Variations in the wet season DIN appear to beedl&n deciduous cover. This suggests that
variations in red alder are resulting in differenaeriverine DIN input to the estuaries. Dry
season water quality conditions in PNW estuariagwependent upon the ocean conditions
during the surveys. Flood-tide water temperatgrev@ll as nutrient versus salinity relationships
generated using data from the inner Oregon shet weeful for confirming that ocean
conditions were relatively uniform over the geodnapextent of the estuaries we sampled and
for assessing the ocean conditions during the elrgan water quality cruises. The results from
the Alsea Estuary demonstrated that when assesstrignt levels of the estuaries it is important
to examine freshwater inflow immediately prior tovgpling events (even during the dry season)
to ensure that there was not a strong freshwaflemirevent that might result in elevated DIN
levels. Dry season nutrient data from the cruismonstrated that the estuaries receivegf PO
mainly from the coastal ocean, while both the ocaashrivers were DIN sources. In the seven
target estuaries, there were no occurrences ofllssolved oxygen, and chlorophgllevels

were relatively low. The tide-dominated estuadappear to have higher chlorophgllevels

than the river-dominated estuaries. The dry seB€afi conditions were in the EMAP fair
category but this is due to the input of high,f@ater from the coastal ocean. Generally, most
of the DIN concentrations observed were in the guaddgory (85%). There were two
occurrences of poor DIN conditions in two of theuglhs of Tillamook Estuary. Umpqua River
Estuary had the lowest N®NO, and PQ® of the seven target estuaries. There are several
potential explanations for the low nutrients irstestuary. Of the seven target estuaries, the
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Umpqua has the least amount of red alder in thersfa¢d as evident by the lowest % Deciduous
and % Mixed and the highest % Evergreen (Table 3R&d alder is the primary deciduous tree
in the Oregon Coast Range, andf\i@ streams has been related to its presence (see

Section 3.7). In addition, Umpqua has the higflreshwater inflow of the seven target estuaries
(even during the dry season, Table 3-6) and asutris river dominated, which may result in
less oceanic nitrogen and phosphorous input tesheary.
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CHAPTER 5:
ZONATION OF OCEAN AND RIVER DOMINANCE
IN SEVEN TARGET ESTUARIES

Cheryl A. Brown and James E. Kaldy IlI

Key Findings

» Estuaries were divided into oceanic and riverine ggnents in terms of nitrogen
sources during the dry season.

» Zonation was based upon natural abundance of nitragn stable isotopes of greer
macroalgae and transport modeling.

* Analyses suggest that oceanic and riverine inputse@the dominant nitrogen
sources for the target estuaries.

e Coos Estuary had the highest isotope ratios with nitiple stations having isotope
ratios elevated above the oceanic end member, sugtieg that wastewater
inputs are important in this estuary.

* Five estuaries (Alsea, Coos, Nestucca, Tillamookaa Yaquina) had >50% of the
total estuarine area classified as ocean dominated.

5.0 Introduction

To assess the susceptibility of estuarine resouccestershed-derived nutrient loading, we
estimated the contribution of nitrogen sources abewcolumn dissolved inorganic nitrogen
(DIN). Previous research at Yaquina Estuary hasahestrated that during the dry season (May-
October), the ocean is the dominant nitrogen squvhée during the wet season (November —
April) riverine inputs dominate (Brown and Ozreti@09; Table 3-9). In addition, most of the
riverine nitrogen inputs are believed to be reldtethe presence of red alder in the watershed
(see Section 3.7). Point source input associatddamvastewater treatment facility increases in
importance in the up-estuary region, particularying periods of minimal riverine inputs. The
purpose of this chapter is to assess the importaingeeanic versus riverine nitrogen sources in
the seven target estuaries.

We divided each target estuary into two segmermesam dominated and river dominated, based
upon the dominant dry season DIN sources. We msétible types of data and analyses to
derive the zonation of the estuaries and then latetsthe zonation into median salinities for use
in estuaries with limited data. For the Yaquin&uBsy, we had the most extensive dataset and
analysis techniques for development of zonatiordagpon dry season nitrogen sources. We
used a transport model combined with natural aburelatable isotopes'fN) of green
macroalgae to identify the dominant nitrogen sosimghin the estuary as a function of time and
location. The transport model was validated by jganmg predicted isotope ratios (using the
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transport model to mix isotopic end members) tceoled macroalgal isotope ratios at five
locations. There were several reasons why attagressh macroalgae were used as the
bioindicator in this study. In estuaries with higishing, macroalgae are often the dominant
primary producers (Valiela et al., 1997), and tipeesence is often used as an indicator of
eutrophication (Bricker et al., 2003). During tiry season, there are dense blooms of green
macroalgae in many estuaries in the region. Intiadd the attached nature of the green
macroalgae is beneficial in that it integratesrtieogen sources over time, which is
advantageous when there is substantial temporalbitly in nitrogen sources and loadings.

Nitrogen stable isotope ratios of green macroasgaea useful indicator because the macroalgae
take up DIN from the water column and incorporats hitrogen into their tissue. Using the
natural abundance isotope ratio of nitrogen, mdgegacan be linked to nitrogen sources with
distinct isotopic signatures (McClelland and Valiel998; Costanzo et al., 2001). Fixation of
atmospheric nitrogen (including that by-fiking root nodules associated with red alder, see
Section 3.7) ha8"N values slightly less than 0%dndustrially produced fertilizer has a similar
isotope ratio due to the atmospheric source obgén in the Haber Process. Stable isotope
signatures are particularly useful when the vargasgces contributing to a system are
isotopically distinct (Figure 5-1). As an exampiérogen stable isotopes may be used to
distinguish fertilizer inputs from animal or humaaste, but they are not useful for
distinguishing human wastes (septic or wastewagatrnent facility) inputs from animal wastes
due to the overlap of isotopic signatures. Distisfing nitrogen sources with overlapping
isotopic signature (e.g., human waste from aninstes) is often accomplished by comparison
of nitrogen sources and land use patterns. Prevesearch has shown that green macroalgae
integrate water column conditions that have occlioneer a two week interval (Aguiar et al.,
2003; Cohen and Fong, 2005). An indicator thagrdates water column conditions is desirable
due to the variability of coastal ocean nutriemditions associated with variations in wind
stress (see Section 4.3) and variability in watdurmn DIN within estuaries (see Section 4.4.2).

Since it was impractical to develop a transport ehdor each estuary due to data limitations, we
used a conservative transport two end member mixiodel to estimate the contribution of
riverine and oceanic DIN sources, which is possihie to their different salinity and nitrogen
stable isotope signatures. Similarity between nteskand predicted isotope ratios suggests that
the oceanic and riverine inputs are the primampgén sources to the estuary. If the observed
isotope ratio is greater than that predicted bageth conservative mixing of oceanic and
riverine nitrogen sources, this suggests that threxg be additional nitrogen sources or
denitrification may be important. If there is ast@water treatment facility (WWTF) source in a
given estuary, then we inferred the contributioM@VTF sources using Isosource (Phillips and
Gregg, 2003), which calculates all feasible comtomes of the three sources that can produce
the observed isotope ratio at a given locationsardpling time. To constrain the solutions, we
selected a subset of feasible solutions, which wensistent with the salinity variations at the
site. This method was validated for Yaquina Esttlarough comparison to the results from the
transport model. Once validated, this technique used to estimate the contribution of DIN
sources for estuaries sampled in this classifinagifort. In addition, salinity data were analyzed
for Yaquina Estuary to determine if zonation préeficfrom the isotope and transport models
could be approximated using salinity data. Fonasts where there were limited data available
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we used salinity data (collected as part of thesifewation effort as well as historic salinity dat
to aid in the zonation of the estuaries.

Oceal

Animal wasti

WWTF

Septic

Fertilizel

Alder

6 15N

Figure 5-1. Natural abundance nitrogen isotopie (&t°N expressed as %o) for various
nitrogen sources. Sources: ocean representsief green macroalgae from the Oregon
coast (Fry et al., 2001, and Kaldy unpublishedinahwaste and fertilizer is from Kendall and
McDonnell (1998), septic is from Cole et al. (2002)d red alder is from Hobbie et al. (2000),
Tjepkema et al. (2000), Cloern et al. (2002).

5.1 Stable Isotope Sampling

In the Yaquina and Alsea estuaries, 5 sites wargkal monthly for the isotope ratio of
macroalgal tissue. Sites were located along theityegradient from the mouth of the estuary to
the region where the system becomes mesohalingpa®f the classification effort, samples
were collected for the isotope ratio of green malgae at two sites in the Alsea, Nestucca,
Salmon River, and Yaquina estuaries during 20042005, green macroalgae were sampled at 5
sites in the Umpqua River and Coos estuaries asii@g in the Tillamook Estuary.

Each site was characterized by the presence @reitlok or other hard substrate (e.g. pilings,
tree stumps, docks) to support green macroalgaeatfdmpt was made to identify algae to
species. The dominant macroalgae were speciesthefamily Ulvaceae, which includes a
variety of genera. At each site, five replicatmpbes were collected by hand from the top or
sides of rocks and pilings. Only thallus matetii@t did not contact mud sediments was
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collected. Individual samples were rinsed in tie&fwith milli-Q water, transferred to labeled
plastic bags and stored on ice. In the laborasagples were rinsed with milli-Q water to
remove adhering sediments, frozen and lyophiliZeded samples were then pulverized with a
mortar and pestle. Percent nitrogen and the rétragptope ratiod{°N) of dried tissue were
measured using a Finnigan Mat Delta Plus XP isotappe mass spectrometer. All isotope
ratios are presented in standandotation.

5.2 Yaquina Estuary

5.2.1 Transport Model

A two-dimensional, laterally averaged hydrodynaamd water quality model (Cole and Wells,
2000) was used to simulate the transport of riverateanic and WWTF effluent DIN sources.
The transport model incorporates the temporal taditiain nitrogen loading, the location of the
nitrogen inputs, and the time that each nitrogena®spends in the estuary. In the model
simulations, Yaquina Estuary was represented byl@&3itudinal segments spaced
approximately 100 m apart with each longitudingnsent having 1-m vertical layers. The
model domain extended about 37 km from the tidadHrportion of the estuary at Elk City,
Oregon to the mouth of the estuary (Figure 5-2pd# simulations were performed for 2003
and 2004 and included tidal and wind forcing, ali a®freshwater inflow. Parameters
simulated included water surface elevation, sglimtater temperature, and dissolved inorganic
nitrogen. Each nitrogen source, riveritNg), oceanic o), and WWTF effluen{Ny,), was
modeled as a separate component. The nitrogenesowere modeled as

Z—T = transport— 4N (5.1)

whereN is the DIN source andis a loss/uptake rate. The same value whs used for all three
nitrogen sources and the valuewofras determined by fitting total modeled DINgt+Ng+Nyw) to
observations of DIN within the estuary. The béstiof observations was found with= 0.1 d".
Simulations were also performed with no uptake Q) which is equivalent to conservative
transport of the sources.

The results from the transport model were usedixatime three nitrogen sources using the
following equation
By = Ta05 + 150, + £, (5.2)

fotf, +1,=1 (5.3)

wherefg, fw, andfg are the fractions of riverine, WWTF, and oceanibl Drespectively, andg,
dw, anddo are the isotope ratio of end members for riveNN®YTF effluent, and oceanic
sources, respectively. The mixture of the thretreembersdy) is assumed to be that which
macroalgae utilizes. Estimates of the oceanicravedine end members were obtained by
examination of the observed isotope ratios at @tatN1 and N5. The riverine end memidgr (
= 0 to+2 %0) was estimated from the wet season isotope ratiSsation N5, while the oceanic
end memberdp = +8 to+9 %o) was estimated from dry season isotope ratiosadito8 N1.

The initial estimate for the WWTF end memb&y € +15 to+22 %9 was determined from the
literature (Jones et al., 2003). To arrive atfihal end member isotope ratios, model
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Figure 5-2. Location map for Yaquina Estuary shmthe locations of datasondes, water
guality stations, isotope samples, and WWTF. Huedashed line shows boundary between
oceanic and riverine segments.

simulations were performed varying each end meraber the range estimated from the data
and literature. The final isotope ratio of end nens for the three sourceix{+2 %o,

dw=120 %o,anddo=18.4 %9 was determined from the best fit (minimum rootamequare error,
RMSE) between predicted and observed isotope aative five stations N1-N5 during 2003 and
2004. The final oceanic end member selected isistamt with marine end members for the
west coast of the U.S. (Fry et al., 2001), whike tiverine end member is consistent with the
isotope ratio expected for nitrogen associated veithalder (leaf tissue ranges between -3 and -
0.5%o; Hobbie et al., 2000; Tjepkema et al., 200@eth et al., 2002).

The&™N of green macroalgae collected from Yaquina Egt(iacations shown in Figure 5-2)
during 2003 and 2004 exhibited strong seasonatati Figure 5-3) associated with shifting
nitrogen sources. During winter conditions witlgafreshwater inputs, there is a large degree
of isotopic separatiom\(= 4%o) between samples collected near the oceaphdid near the
riverine end-member (Station N4 or N5). This iga¢adifference suggests that algae from these
sites are utilizing different nitrogen sources. riDg the dry season, as river flow decreases and
ocean upwelling becomes more pronounced, the isattp of green macroalgae collected
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from the end-member stations becomes isotopicadlistinguishable, suggesting that
macroalgae are utilizing one nitrogen source.olme months during the dry season, the data
suggest that a third nitrogen source, the WWTF bsmome locally important (Figure 5-3).
Data from 2004 also exhibit this same general patte

The model (Equations 5.1-5.3) reproduces mucheobtiserved temporal and spatial variability
observed in the macroalgae isotope dataset. Casoparbetween simulated and observed
isotope ratios at Stations N2 and N3 are presentEajures 5-4 and 5-5. The RMSE between
observed and predicted isotope ratios calculate8t&tions N1 - N5 for each year ranges from
0.8 %o to 2.0 %o (with an average value of 1.3 %ohisTagreement between simulated and
observed isotope ratios suggests that the modetarasctly simulating the transport and mixing
of the three nitrogen sources. Figure 5-6 shoesibnthly average contribution of each of the
three nitrogen sourcef(fw, andfp ) at Stations N1-N5 and adjacent to the dischpoget of

the WWTF (region of maximum contribution of WWTFusoe).
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Figure 5-3. Macroalgae isotope data at five statidN1-N5) for Yaquina Estuary with red boxes
indicating dry seasons. The dashed line indict® = 5.2 %o which is the demarcation
between riverine and oceanic dominance, assumiagtwl member mixing of oceanic and
riverine sources.
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There was interannual variability in the boundagymeen the oceanic and riverine segments.
The exact location of this boundary varies withateonditions (e.g., El Nifio, La Nifia
conditions) as well as freshwater inflow. Using thodeled contributions integrated over May —
September, we estimated the position of this boyndiaring 2003 and 2004. During 2003 the
freshwater inflow was less than in 2004 and asaltr¢he oceanic DIN reached further upstream
with the boundary between the oceanic and riveseggments being located between Station N3
(which received 57% of DIN from ocean) and N4 (Whieceived 44% of DIN from ocean).
During 2004, the boundary was located slightly tgzsh of Y3 (Y3 received 53% of DIN from
the ocean, while N3 received 32% from the ocedmpaddition, during the dry season this
boundary progressed up estuary as the freshwdlewideclined. This can be seen in
simulation results from 2004 (Figure 5-6) whichwftbat Station N1 was ocean dominated
(fraction= 0.5) during the entire dry season (May — Septejnldrile Station N2 was river
dominated during May and ocean dominated from JuBeptember. At Stations N3, N4, and
N5 ocean inputs increased in importance from M&ygust, but didn’t dominate. This was

also evident in that the salinity at up estuargssincreased from May — September. The results
of this analysis may appear to contradict the logdiomparisons presented in Table 3-9, which
shows that ocean inputs dominate during the dryaeaThis difference is because the analysis
presented in Table 3-9 is comparing total loadothe estuary, while the analysis described in
this section examined contributions to nitrogencemtrations at specific locations, which
represent the nitrogen sources that would be dtaita primary producers. Based on
comparison of salinities (modeled and observed|elafi) and modeled contribution of sources,
we concluded that Yaquina Estuary was ocean doedrnatareas where the median salinity was
> 25 psu and river dominated in areas where theanesdilinity < 25 psu (calculated using
salinity data from May — September). We used tlsediaity criteria to aid in the zonation of
other estuaries with limited data.

Table 5-1. Summary of median observed salinibesriquina Estuary during May - September
of 2003 and 2004. NA denotes data not availabie*atenotes extensive gaps in record.

MEDIAN SALINITY (psu)

STATION 2003 2004

v1 31.9 (surface)

29.1 (bottom*) 32.9 (bottom)

Y2 30.7 NA

Y3 27.3 27.3

Y4 25.5 NA

Y5 18.0 19.3
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5.2.2 Conservative Mixing Model

Since transport models are not available for thertarget estuaries, we used a two-end member
conservative mixing model to estimate the domimatinbgen sources for different portions of
each estuary. To test this analysis techniquegerv®rmed this analysis for Yaquina Estuary
and compared the results to estimates obtainedthiertransport model (described above).
Previous research has suggested that it is diffioutientify nitrogen sources due to the
temporal variability of salinity and water nutrienh estuaries (e.g., Cohen and Fong, 2005). In
this analysis, we incorporated temporal variabilityitrogen sources by utilizing time series of
salinity data at multiple stations within the esyu mix nitrogen sources. If time-series data
were not available in the vicinity of the macroagample collection, then salinity data from the
high and low tide cruises from water quality station the vicinity were utilized. Briefly,
nitrogen concentratiorCy) was modeled as the mixture of riverine and magim&-members
using the following equations (Fry, 2002)
Cy = fC,+(1- f)C, (5.4)
whereC denotes concentration of DIN, the subscripendO indicate river and ocean end-
members, respectively, ahdepresents the fraction of freshwater in each $agiculated from
salinity (time series or high and low tide values)
S~ &
whereS, andSi are the salinity (psu) at the river and ocean medhbers, respectively ais is
the salinity measured at a specific station. Blo¢ope ratio of mixed estuarine samples was
calculated as
5, = fC0+(1- f)C I,
Cw
The same end members were used as in Section ®bderved isotope ratios were compared to
isotope ratios predicted from conservative mixieguations 5.4-5.6) using salinity data
collected in each region of the estuary. The nw#dhe predicted isotope ratiéy() was
compared to the observations. Similarity betwdeseoved and predicted isotope ratios suggests
that the oceanic and riverine inputs are the piymérogen sources to the estuary. If the
observed isotope ratio is greater than that predibased upon mixing of ocean and riverine
nitrogen sources, this suggests that there magdi&anal nitrogen sources or denitrification
may be important. If there is a WWTF source inveg estuary, then we inferred the
contribution of WWTF sources using Isosource (Risland Gregg, 2003) which calculates all
feasible combinations of the three sources thadgmwduce the observed isotope ratio at a
given location and sampling time. To constraingbkitions, we selected the subset of feasible
solutions which were consistent with salinity véioas at the site. For example, if the estimate
for the ocean contribution using the conservativemg model was 50% averaged over the two
weeks prior to the macroalgae sampling, then wectsd solutions with ocean contributions of
40-60%. Through this technique we can identifysgbgments that are dominated by oceanic
nitrogen sources and identify regions where otlwrient sources (riverine and wastewater
treatment effluent) dominate.

(5.6)

To test this technique of interpreting isotope dedimg temporal variations in salinity data
(Equations 5.4-5.6), we compared results fromdhglysis to the estimate of the contribution of
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sources from the transport model. For both es@mat the contribution of nitrogen sources we
integrated the results (transport model and coasi@esmixing model) over the 2 weeks prior to
the macroalgae sampling date (if salinity data vesalable). Due to gaps in the salinity time-
series or biofouling of the sensor, we were no¢ ablcompare all months at all sites. Presented
in Table 5-2 is the interval of salinity data usedhe conservative mixing model. To maximize
the number of data points for comparison, if theeege gaps in the salinity time series we used
salinity data within about 4 weeks of the samphilage. Salinity data from Stations Y2, Y4 and
Y5 were used to predict the isotope ratios at &iatN2, N3, and N4 (Figure 5-2). We assumed
that the salinity of the river end member was 4&ko= 0), and used the maximum salinity at
Station Y1 during the 2 weeks prior to the isotepmpling as the ocean saliniy). Riverine

and oceanic end members were determined from saropliected at Y1 and Elk City (tidal

fresh region of the estuary). Presented in Taieake the values &, Cr andCo used for each
month.

There was good agreement between the results asdulising the transport model and those
using the conservative mixing model and Isosoufedle 5-3). Using the nitrogen stable
isotope ratio of macroalgae combined with shoretsaries of salinity, we feel we are able to
estimate the contribution of 3 DIN sources withid@%, which is acceptable for the needs of
this study.

We performed sensitivity analyses to determinectfect of integration time period of the
macroalgae and uptake rate using the results dfahseport model (calculated for each monthly
sampling at Stations N2, N3, and N4). The maxinadifference in percent contribution of
nitrogen sources calculated using a 2 week ver8useek integration period is 6% and the
average absolute difference is 1%. Cohen and E@p) found thaEnteromorpha intestinalis
carries its nutrient history for weeks, suggesthmg a 2-3 week integration period is appropriate.
The largest differences in percent contributiortglated using 2 and 3 week integration
intervals occurred at Station N2, which was propaélated to the greater temporal variability in
predicted isotope ratio at this site (Figure 5-Bpsults calculated with no uptake=0)

compared to those calculated with 0.1 d* had minimal differences during the wet season
months (January — April). This is because thetitie utilization of water column DIN during
the wet season due to short residence time (assedaiath high freshwater inflow). The
maximum difference in the percent contributionttd sources calculated with the two uptake
rates occurred during May and June. Additiondheg, riverine contribution is underestimated in
the lower portion of the estuary for calculatiosingp = 0.1 d' compared to conservative
transport. This is because the transit time fagrine DIN is maximal in the lower portion of the
estuary and there is more time for loss of watéwroa DIN. During May to September the
maximal difference of riverine contribution was 14#d the average (of Stations N2, N3 and
N4) underestimate of the riverine contribution \8&s (with using: = 0.1 d* compared to
conservative transport). Using an uptake rate bt tends to overestimate the contribution of
WWTF in the upper estuary (maximal difference of) &d had little effect in the lower estuary
(0-1%). The average absolute difference during kda§eptember in the WWTF contribution
was 2%.

As a confirmation of the zonation based upon medamities, we used the conservative mixing
model (Equations 5.4-5.6) combined with mean dasea end member€g andCop) to
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determine the salinity§,) where the nitrogen sources would switch from adeaiver
dominance. During 2003, the mean dry season caedmember DIN is 13.6M, while the
riverine end member is 26V. Using these values the boundary between tharocand

riverine segments occurred at a salinity of abdup&u, which is similar to the value of 25 psu in
determined in Section 5.2.1. In addition, assuntw@end member (ocean and river) mixing,
isotope ratios above 5.2%o indicate oceanic DIN d@nce while isotope ratios below this value
indicate riverine DIN dominance. Therefore, thiensiy demarking the zonation would range
from 21 — 25 psu.

There are several assumptions used in this andghatisieed to be valid for us to apply this
technique to the seven target estuaries. Thiysisassumes that macroalgae do not exhibit
fractionation (preferentially take up and incorpterdN relative to'N), hence the isotope ratio

of the macroalgae reflects the isotope ratio ofdh¢ in the water column. Cohen and Fong
(2005) showed thdt. intestinalisdid not fractionate during DIN uptake and assitiola In
addition, it assumes that variability of the is@optio of the DIN results from a mixture of three
nitrogen sources (ocean, river and WWTF) and rayhffractionation associated with other
biogeochemical transformations (e.g. denitrificajioAnother assumption is that the isotope end
members used in the mixing model are applicabéeragional scale (i.e., isotope end members
are the same for all seven estuaries). Stablepgsainalysis of samples from across the region
suggests that this is a reasonable first approxmatAlso, this analysis assumes that there is
minimal temporal variability in the isotope ratiothe end members. We also assume that the
freshwater inflow is primarily associated with niree inputs and WWTF inputs don’t represent
a significant source of freshwater. Based on me&and WWTF flow rates, this was a good
assumption even during periods of minimal riverflohable 3-6).

126



Table 5-2. Data used in the mixing model and timerval of salinity data utilized for each
month. NA indicates data are not available.

TIME INTERVAL OF SALINITY DATA END MEMBER
UTILIZED IN MIXING MODEL VALUES
SAMPLING | STATION STATION | S | Co | Ca
DATE N2 STATION N3 N4 (su)| @M) | (uM)
April29 | April 15-29|  April 15-29 | April 15 - 29 31.3 (n3;§’3) (Z]i';)
May 1-15 & 41 | 495
May 29 o NA May 15-29 | 317 o | 2
June2s | MMIET2 gunez0-28 | awne12-26 323 050 | Al
July 31 July 17 - 31 NA Juy17-24 340 :f:ﬁ) (r?:i)
Aug 14 NA July 31 - Aug 14 NA 34.0 :fé%) (ﬁ'g)
Sept 26 Sept1-16  Sept4-16|  Sept23-30 33(}1%2;) (ﬁi'g

Table 5-3. Comparison of percent contribution éflBources estimated using transport model
and Isosource model. Value presented for the pabhsnodel represent averages, while
Isosource results are ranges of feasible solutidmmenotes observed isotope ratio below river
end member, therefore solution is not feasible.

TRANSPORT MODEL ISOSOURCE

MONTH | OCEAN | RIVER | WWTF | OCEAN| RIVER| WWTF
Station N2

April 24.4 74.3 1.3 8-28 71-85 0-8
May 42.3 55.8 1.9 20-40 48-62 11-19
June 80.6 16.2 3.2 63-83 5-19 11-19
July 91.9 5.0 3.1 86-100 0-9 0-6
September 93.5 3.7 2.8 87-98 0-7 2-7
Station N3

April 8.5 89.8 1.7 0-1 99-100 0
June 47.2 43.7 9.1 32-52 35-49 12-20
August 86.8 6.2 7.0 74-94 4-18 1-9
September 75.1 14.0 10.8 76-83 0-4 17-21
Station N4

April 4.5 93.8 1.6 * * *

May 6.5 90.4 3.1 0-15 79-90 5-12
June 32.1 56.6 11.3 19-39 46-60 14-22
July 48.2 31.0 20.8 65 35 0
September 61.1 22.4 16.5 70-85 0-10 15-2p
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5.3 Alsea Estuary

In addition to the data collected as part of thislg, we also had other data sources available for
the Alsea Estuary. For Alsea Estuary, we had mp#tfPN of green macroalgae at five

locations during 2004 extending from the ocean-aaeid to the river-dominated portions of the
estuary (labeled N1-N5 in Figure 5-7). As partho$ study, Stations N1 and N4 were sampled
for 8 >N of macroalgae on September 15, 2004. In additienhad YSI datasondes deployed at
three locations in this estuary from June - Oct@¥¥4. Water quality cruises with six stations
(S1-S6) were performed weekly from May throughehd of September 2004 (Table 5-4).
Historic salinity data were also available at tveetations from the Oregon Department of
Environmental Quality (with sample size at eachiatavarying between 22 and 47).

CTD Cruise

YSI datasonde

Mini CTD

3 "N macroalgae
Minor Sewage Facility

Figure 5-7. Location map for Alsea Estuary showthmgylocations of datasondes, water quality
stations, isotope samples, and WWTF. The red didéie shows the boundary between the
oceanic and riverine segments.
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From June to October, the green macroadgahl at Stations N1 and N2 showed similar
temporal patterns (Figure 5-8) and an isotope mahich suggested that oceanic input dominated
at these two stations (average values of 7.9 @néhorat Stations N1 and N2, respectively). The
isotope ratio at Station N3 was slightly elevatbdwe N1 and N2, suggesting that there may be
an additional nitrogen source. Station N4 hadogetratios below 5 %o from January through
July suggesting that riverine nitrogen sources dateid. At Station N4 during August theé°N

of the macroalgae exceeded the ocean end memlgesting that there may be a third nitrogen
source or denitrification may be important durihg tow riverflow period. At Station N5, the
isotope ratio suggested that riverine nitrogen sesidominated from March through July and
October, and there may have been an additionalg@ir source during August and September or
denitrification had increased in importance. Rivelinflow averaged over the interval of one
month prior to the isotope sampling was at its munin during the months of August and
September. During periods of minimal riverine awfl, minor DIN sources (e.g., nonpoint inputs
associated with septic systems along the river) imergase in importance. In addition,
denitrification may increase in importance durihggtperiod of longer residence times (although
see Discussion, Section 5.9). There is a WWTFdlsgharges into the Alsea Estuary; however,
it is located downstream of Stations N3 - N5 (Fegbi¥7). Nonpoint septic inputs may have been
the cause of increased macroalydN since the Oregon Department of Environmental ®ual
(DEQ) recently initiated a program to repair fagliseptic systems along the Alsea River.

Ocean

= | / 3
I '/ —m—N1
1 Y~ —eo— N2

Y ) N3
| =N —v—N4

v N5
04 o N1
VAN
N4 River
-2 — 1T T T — T T 1 1.7 L
Jan 04 Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5-8. Monthly average observed isotope @t locations in Alsea Estuary (dry season
is indicated by red box). The dashed line indisataN = 5.2 %o which is the demarcation
between riverine and oceanic dominance, assumiagtwl member mixing of oceanic and
riverine sources.
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Alsea Estuary is located 20 km south of Yaquinai&st In the conservative mixing model, we
used data from Yaquina Estuary for the ocean enmdbee Co) DIN concentrations (sampling
from Station Y1). Coastal ocean boundary cond#ticspond to regional phenomena such as
upwelling and downwelling which encompass the erfiregon coast. Consequently, ocean
boundary conditions from a well characterized sysseich as Yaquina are applicable over a
broad region. In Section 4.3, we demonstrateddbean input (as indicated by flood-tide water
temperature) was relatively uniform over the gepgrarange of the estuaries that we sampled.
Riverine end member DINCR) data were obtained from water samples collect&tation S6
(Figure 5-7). End member DIN concentrations wereraged over the 2 weeks prior to
macroalgal sample data collection (Table 5-5). imuSeptember there were no DIN samples
from Station S6 during the 2 weeks prior to our glamg so we used data from an Oregon DEQ
Station (located about 20 miles from the mouthheféstuary) during the month of September
from 1994-2006. We used salinity from Station ¥bt(om) in the Yaquina Estuary averaged
over the 2 weeks prior to the sampling date astiean salinity$%,). Salinity data from the
stations nearest to the macroalgae sampling lowat@re used in the analysis (Table 5-4) and
in the calculations we salinity measured during2tveeeks prior to the macroalgae sampling.

The similarity between the observed nitrogen stedope ratios and those predicted from the
conservative mixing model at Stations N1 and N2yssted that oceanic and riverine sources
were the dominant DIN sources (Table 5-6). These more uncertainty in the results
calculated using the cruise data (Station N1) thase using the salinity time series (Station
N2). At Station N2, the analysis suggested thatdtation receives 76-92% of DIN from the
ocean. Unfortunately, there were not time serddisity data in the vicinity of Station N3 and
this station is in a region of salinity changingrfr marine to mesohaline (compare the median
salinities at Stations Y1 and Y2, Table 5-4). Tiheted salinity data prevented a thorough
analysis of the nitrogen stable isotope ratio &t ltbcation; however, the similarity in temporal
patterns in thé *°N during the dry season at Station N3 comparedatichs N1 and N2 (Figure
5-8), suggests that the ocean was the dominanenusource at this location, but there may be
an additional nitrogen source as evidensByN of Station N3 >3 *°N of Stations N1 and N2.

The macroalgab °N at Stations N4 and N5 were consistent with the @wd member mixing
model during the months of April through July. BwgrAugust and September the obseryed

5N at Stations N4 and N5 were elevated above theatigted from the two end member mixing
model. During April and May, the mixing model segted that Station N4 was river dominated
(88-97%). During June at Station N4, there wassarable variability in the observed isotope
ratio with two of the samples reflecting isotopgas (2.8 %0) similar to that predicted using the
two end member mixing model and three having etel/egotope ratios (5.6-7.4 %o0). Assuming
that the mixing model was more representative tharobserved isotope ratios, Station N4 was
river dominated (80%) during June. During Julg twvo end member mixing model suggests
that Station N4 received 58% of the DIN from oceasuurces and 42% from riverine sources.
There was high variability in the isotope ratiogioted using the two end member mixing model
and the mean value was about 1%. above the obsEntegpe ratio. Using Isosource the
maximum ocean contribution that could produce th&eoved isotope ratio during July at Station
N4 is 46%. Based on these two analyses, thioatatas probably located in the transition
region during July. Isosource suggested that dukingust Station N4 received 35-55% of DIN
from the ocean, 21-35% from river, and 23-31% fMMW TF/septic inputs. During September,

130



Station N4 became ocean dominated, with it recgi®®70% of DIN from ocean, 28-42% from
river, and 1-10% from WWTF. This suggested thatiSh N4 is in a transition region and the
dominant nutrient source depends upon the montiplsaingeven within the dry season).

Similarity between the observed nitrogen stabléojse ratio and the two end member mixing
model during the months of April through July aat®in N5 suggested that the river and the
ocean are the two major nitrogen sources. In maddithe observed isotope ratio suggests that
this station is river dominated (70-98% of DIN) iohgrthese months (particularly during April —
June). Station N5 is located between Stationsn2¥e3, and there were considerable
differences in isotope ratio predicted using thesedifferent stations, particularly during the
months of July - September. Results from Isososucgiested that during August Station N5
receives 57-71% from the river, 9-29% from oceandl, A3-21% from WWTF/septic. During
September, Station N5 received 51-65% of DIN frorarine sources, 16-36% from the ocean,
and 12-20% from WWTF/septic.

We used the conservative mixing model (EquatioAss556) combined with mean dry season end
members Cr andCop) to determine the salinitys(;) where the nitrogen sources would switch
from ocean to riverine dominance. During 2004, ittean dry season ocean end mem@gj (

was 11.7uM (using data from Station Y1 in Yaquina with n ¥42, while the riverine end
member Cg) was 15.41M (using data from Station S6 in Alsea with n =13he riverine end
member was similar to dry season average of (18.7or an Oregon DEQ Station which is
located at rivermile 20. Using these values thenblary between the oceanic and riverine
segments would occur at a salinity of about 20 psguch is similar to the value of 21 psu
calculated for Yaquina Estuary. In addition, assgntwo end members (ocean and river),
nitrogen isotope ratios above 5.2 %o indicate thatdcean is the dominant nitrogen source while
& 1°N ratios below this indicate river is the dominanhsource.

From the stable isotope data and the conservatix@grmodel, it is clear that Stations N1 and
N2 were ocean dominated and Station N5 was riverigiated during the dry season and the
boundary between ocean and riverine dominanceiiog@n sources was located between
Stations N2 and N4. Using the salinity criteri@veéloped in the above paragraph, median
salinities from Stations Y2 and S3, suggested $itation N4 was river dominated during the dry
season. We used historical salinity (median dagsr) from Oregon DEQ at several stations
located between S2 and N3 combined with the sglaniterion developed above to determine
the boundary between the oceanic and riverine segnfeigure 5-7). We have a large degree of
confidence in these zonation patterns becausestigelyased on multiple lines of evidence
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Table 5-4. Summary of dry season salinities ireAlEstuary.

MEDIAN 5™ PERCENTILE | 95" PERCENTILE

STATION | SALINITY (psu) (psu) (psu)

Datasondes (Deployed June 17 — October 12, 2004)

Y1 31.1 16.6 33.7

Y2 12.3 3.1 25.3

Y3 4.6 0.1 11.0

Mini-CTDs (Deployed September 14-October 6, 2004)

M1 NA NA NA

M2 7.5 0.0 13.1

Water Quality Cruises (June — October 2004)

S1 31.4 20.8 33.4

S2 25.0 4.7 33.2

S3 13.4 1.3 30.1

S4 9.0 0.0 19.9

S5 1.5 0.0 12.5

S6 0 0.0 7.3

Classification Low And High Tide Cruises

LOW TIDE HIGH TIDE

STATION SALINITY (psu) SALINITY (psu)

Cl 25.4 32.7

Cc2 20.0 32.5

C3 12.4 32.2

C4 8.8 29.1

C5 6.6 175

C6 4.3 6.4

C7 2.9 5.1

C8 2.5 2.8

C9 1.5 0.4

C10 0.2 0
Table 5-5. Ocean and river end members for Alséaulations.
MONTH Co (uM) Cr (uM)
April 59 (n=4) 27.5 (n=2)
May 7.7 (n=11) 29.2 (n = 3)
June 13.8 (n = 25) 9.5(n=3)
July 10.1 (n = 23) 4.1 (n = 3)
August 6.2 (n = 6) 6.9 (n=2)
September 14.5 (n = 20) 9.5 (n =10)
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Table 5-6. Observed and predicted isotope ratiom(two end member model) in Alsea

Estuary.
OBSERVED
ISOTOPE RATIO OMIxX

MONTH (%0) (%0) STATION USED

Station N1

April 54+0.9 50+1.6 S1

May 6.2+0.5 45+1.3 S1

June 7.5+0.2 7.9+0.2 S1

July 8.3+£0.4 791204 S1

August 7.9+0.2 7.4+0.8 S1

Station N2

June 6.8+0.5 7.4+15 Y1l

July 7.9+0.2 7.9+0.6 Y1l

August 7.9+0.1 7.5%+0.9 Y1l

September 8.3+0.2 7.7+0.7 Y1l

Station N3

September 8.6+0.1 6.0+25 C4

Station N4

April 3.2+0.2 2.2+0.3 S3

May 26 +0.6 2.7+1.3 S3
25+0.2 S3

June 50x2.0 33108 Y2
59+1.1 S3

July 4.8 +0.6 57210 V2
6.1+1.5 S3

August 9.8 £0.7 26+10 Y2

September 6.8+1.3 58+0.9 Y2

Station N5

April 2.3+0.2 2.2+0.2 S4

May 21+04 21+0.2 S4

June 23+04 S4

28+25 3.3+0.8 Y2

21+0.1 Y3
49+1.2 S4

July 4.4 +0.8 59+1.1 Y2
3.9+0.7 Y3
45+1.0 S4

August 6.3+£0.2 46+1.0 Y2
3.2+04 Y3
3.1+04 M2

September 6.6 +0.4 5.8+0.9 Y2
3.7+0.7 Y3
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5.4 Salmon River Estuary

Data used to determine the zonation in Salmon Higémary included salinity data from short-
term YSI and Mini-CTD deployments in 2004 (Tabl&)macroalgae isotope data (Table 5-8)
collected as part of the classification effortva tsites (N1 & N7) and previous data collected at
five locations (N2 — N6) (DeWitt and Eldridge, PCHBpublished data). The locations of all
sampling stations are presented in Figure 5-9.

The macroalga& N did not show as strong an ocean signal in SalRiwar Estuary as in the
Yaquina and Alsea estuaries (maximund iiN near mouth of about 6%. at Salmon compared to
8 %o in Alsea and Yaquina). This is because theaggtswitches from ocean- to river-dominated
over a tidal cycle with the salinities at the modtianging from 33 to 10 psu (Figure 4-8). As a
result, there was not a strong oceanic signalemitrogen stable isotope data even at the mouth
(Table 5-8). Using the salinity data from the slfisation data collection effort and the
conservative mixing model (Equations 5.4-5.6), wansined the importance of oceanic and
riverine nitrogen sources within the estuary. Thecentration of DIN in the riverine end
member was determined from Station C10 on the idevdruise Cg = 21.6uM). This riverine

end member was consistent with other data colldaydd.S. EPA (Ozretich, PCEB, unpublished
data), which had a mean DIN of 21BI during July and August of 2001. The DIN
concentration for the ocean end member was detethiiom flood-tide nutrient samples
collected at Yaquina Estuary every flood tide dgdnne-August 2004C6 = 13.4uM).

Salmon River Estuary is located 45 km north of YaguEstuary, and in Section 4.3 we
demonstrated that ocean conditions are relativeifiptm over the geographic extent of the
target estuaries. We used an average value farcién end member since we were using
isotope data from different years (2000 and 2004).

Based on the conservative mixing model, the isotafie predicted using the salinity data from
Y1, M1 and M2 averaged between 6.5 %0 and 7.0 %o.clvtg similar to observed isotope ratios
at Stations N1-N6. Using the conservative mixingdel and salinity data from Y2, the
predicted isotope ratio was 4.6 %o, which is simitathe observed isotope ratio at N7. The
agreement between predicted and observed isottps saggested that oceanic and riverine
inputs are the two main sources of nutrients t® éistuary. There was better agreement between
the predicted and observed isotope ratio when d-gton salinity time series was used rather
than data from the high and low tide cruises. fitr®gen stable isotope ratio predicted using
the average of the high and low tide cruises aguetr underpredict the macroalgdfN. The
isotope mixing model suggested that Stations NIdd&ived between 70-88% of the nitrogen
from the ocean, while Station N7 received about @@%he nitrogen from the river. Based on
the median salinity of 25.9 psu at Station M2 drelrhacroalgad *°N indicating ocean
dominance at Station N6, the boundary betweentkaroc and riverine segments was located
slightly above Station N6. This is consistent vitie boundary being located approximately at a
median dry season salinity of 25 psu.
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Figure 5-9. Location map for Salmon River estusrgwing the locations of datasondes, water
guality stations and isotope samples. The redathbhe shows the boundary between oceanic

and riverine segments.
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Table 5-7. Summary of dry season salinities imf®al River estuary.

MEDIAN 5™ 95™
SALINITY PERCENTILE PERCENTILE
STATION (psu) (psu) (psu)
Datasondes (Deployed July 13-20, 2004)
Y1 30.6 14 33.4
Y2 16.5 2.6 29.7
Mini-CTDs (Deployed July 9-29, 2004)
M1 29.6 12.1 36.1
M2 25.9 15.2 31.5
M3 16.7 4.5 33.8

'Evidence of biofouling after 7/18/2004. Medianctadited using data
from July 9-18.
Classification Low And High Tide Cruises

LOW TIDE HIGH TIDE
STATION SALINITY (psu) SALINITY (psu)
C1 22.7 30.0
C2 14.8 30.1
C3 13.3 29.9
C4 10.1 29.5
C5 7.9 29.1
C6 4.4 26.7
C7 26.8
C8 1.8 4.0
C9 1.8
C10 0.4 0.5

Table 5-8. Observed and predicted isotope ratiom(two end member model) in Salmon
River estuary.

OBSERVED SMIxX STATION
ISOTOPE RATIO mean + USED FOR

SAMPLING | mean * standard standard MIXING

STATION DATE deviation (%0) | deviation (%)] MODEL

N1 7/14/2004 59+0.3 6.5+1.3 C1l
58+24 Cc2
N2 8/23/2000 6.6+04 20215 V1
70+15 Y1
N3 8/23/2000 57+04 58124 Co
6.8+2.1 M1
N4 8/23/2000 6.7+0.3 56125 Ca

N5 8/23/2000 6.9+0.9 53+28 C4
6.5+24 M2
N6 8/23/2000 6.5+04 51129 C5
N7 7/14/2004 3.6+05 46+1.38 Y2
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5.5 Umpgua River Estuary

Data used to determine the zonation in Umpqua Rigéuary included salinity (Table 5-9) and
macroalgae isotope ratios{N) collected at five sites as part this study i02(Table 5-10).
Unfortunately, the GPS had an error during the dmgpf N2 and as a result we do not know
the exact sampling location, only that the sampds wollected between Stations N1 and N3.
For the salinity data, we had short-term datasoaddsVini-CTD data collected in 2005 and
historic salinity available from Oregon DEQ.

Using the salinity data from the classificationadetllection effort and a conservative mixing
model (Equations 5.4-5.6), we examined the imparasf oceanic and riverine nitrogen sources
within the estuary. The DIN concentration of theerine end member was determined from the
Station C11 low tide cruis€g = 15.8uM). The DIN concentration for the ocean end member
was the mean of the high tide cruise at Stations C3 Co = 13.8uM), which was similar to

dry season mean values of DIN from Yaquina Esté@r2002-2004 (average = 1éM).
Comparison of predicted and observed isotope ratiggested that Stations N1-N3 received a
mixture of ocean and riverine nitrogen (particylarsing Station Y1) with the ocean

contributing between 80-90% of the nitrogen at ¢hg@tes. It was not possible to distinguish the
effect of the WWTF located near the entrance to gwmapEstuary (Figure 5-10) due to the
variability in predicted nitrogen stable isotop&asa associated with salinity variations at Station
Y1. The disagreement between observed and preditéeroalgab *°N at Station N5 suggested
that there may be a third nitrogen source in thisay. The City of Reedsport has a WWTF in
the vicinity of Station N5 (distance from WWTF tta8on N5 is about 2 km, Figure 5-10).

Using Isosource, we calculated all of the possiblabinations of the three nitrogen sources
which could produce the observed isotope value4® at Station N5. Using the observed
salinity at this site, we rejected the results frigwsource that had ocean contributions greater
than 10% based on salinity data and the two endbaemixing model. Based on this analysis,
we estimated that the nitrogen sources at Statbwéfe about 74-82% riverine and 15-20%
associated with WWTF effluent. The observed mdgada *°N at Station N4 was slightly
elevated above the predicted isotope ratio fromdnd member model; however, the variability
in the predicted ratio made it difficult to determaiwhether this elevation was associated with an
additional nitrogen source or variability in thetispe ratios associated with the salinity varying
from 2 to 32 psu over a tidal cycle. Based omiti®@gen isotope data, the transition from ocean
to riverine dominance occurred between StationauNBN4. This was consistent with the data
from the high tide cruise, which have high salir{ity30 psu) water reaching Station C4 and a
dramatic decrease in salinity above this stati@tiglase of about 17 psu between Stations C4
and C5). In addition, the high tide cruise showeslinput of oceanic nutrients (N®NO, and
PO,>) to Stations C1 - C4. This was evident in that;N®O, decreases from 1M to 1.5uM

at between Stations C4 and C5.

Using the oceanic and riverine DIN end memb&s< 15.8uM andCo = 13.8uM) and the two
end member conservative mixing model, the bounbatyeen the oceanic and riverine
segments occurred at a salinity of about 18 pdus dgrees fairly well with the salinity
(including historical salinity from Oregon DEQ) anthcroalgae isotopes. The Oregon DEQ
database has a salinity station by Station C3hthsita median dry season salinity of 19 psu,
while a salinity station by Station C4 has a medignseason salinity of 16 psu.
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Figure 5-10. Location map of Umpqua River Estusdrgwing the locations of datasondes, water
quality stations, isotope samples, and WWTFs. rededashed line shows the boundary

between the oceanic and riverine segments.
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Table 5-9. Summary of dry season salinities in gu#River Estuary.

MEDIAN SALINITY | 5™ PERCENTILE | 95" PERCENTILE
STATION (psu) (psu) (psu)
Datasondes (Deployed June 21 — 26, 2005)
Y1l 30.7 19.8 33.7
Y2 6.2 0.7 21.3
Y3 1.1 0.2 4.9
Y4 0.1 0.0 0.5
Mini-CTDs (Deployed June 20 — 26, 2005)
M1 14.8 3.7 28.2
M2 0.0 0.0 4.7
M3 0.0 0.0 0.0
Classification Low And High Tide Cruises

LOW TIDE HIGH TIDE

STATION SALINITY (psu) SALINITY (psu)
Cl 23.4 32.7
C2 15.3 32.7
C3 9.8 32.3
C4 53 30.5
C5 1.9 13.7
C6 1.8 4.21
C7 1.3 1.46
C8 0.1 5.6
C9 0.8 6.7
C10 0.2 2.6
Cl1 0.0 0.6
Cl2 0.0 0.9
C13 0.0 0.1

Table 5-10. Observed and predicted isotope réftiosn two end member model) in Umpqua
River Estuary.

STATION | SAMPLING OBSERVED OMIX STATION
DATE ISOTOPE RATIO | mean * standard USED FOR
mean * standard deviation MIXING
deviation (%o0) MODEL
(%0)

7.6+0.9 Y1
N1 6/24/2005 7.8+0.5 73114 c1
N2 6/23/2005 7.3+0.2 6.5+25 C2
N3 6/22/2005 7.2+0.2 59+3.2 C3
N4 6/22/2005 57+0.1 49+1.6 M1

2.2+0.3 M2
N5 6/26/2005 54+0.2 55107 Cs

139



5.6 Coos Estuary

Coos Estuary had the highest isotope ratios o$d¢iven estuaries that we sampled with three
stations (N3-N5) having™N values of about 10 %Table 5-11). This elevation of the isotope
ratio above the marine end member may be assomdtiedhe presence of multiple WWTFs in
the watershed. There are 3 major WWTFs adjacethietestuary (Figure 5-11), each of which is
permitted to discharge between 2 to 5 million galper day of treated effluent into the estuary
(http://www.deq.state.or.us/wq/sisdata/facilityerid.asp). This is the only estuary that has
multiple major WWTFs adjacent to the estuary.

Using the salinity data from the classificationadetllection effort (Table 5-12) and the
conservative mixing model (Equations 5.4-5.6), waneined the importance of oceanic and
riverine nitrogen sources within the estuary. 8inar most riverine station (C19) had a salinity
of 13 psu, we could not use our data for the rered member. We used mean dry season DIN
(Cr=13.7uM, n = 28) from the Oregon DEQ database for amtadt the Anson Roger Bridge
on the Coos River (5 km upriver of Station C19islvalue is similar to the concentration
during the low tide cruise at Station C19 (10M). For the ocean end member, we used the
mean high tide DINGo = 21.3uM) from Stations C1, C4 and C5. This is probabtyoad
estimate of the ocean end member since there wereggupwelling conditions for about 3
weeks prior to our data collection effort (basedvater temperature, see Figure 4-2).
Unfortunately, the Mini-CTD near the mouth of Cdestuary (M1) malfunctioned. Using the
datasondes closest to the mouth of the estuara(dlY7) and the two end member
conservative mixing model using ocean and riverraetbers, we predict that the isotope ratio
near the estuary mouth was 8.2-8.3 ¥nfortunately, we did not have macroalgae isetatio
data at the estuary mouth, but Stations N1 andrbl2a@ly close to the mouth and had similar
isotope ratios. Assuming two end member mixing\warine and ocean sources, the observed
isotope ratios at Stations N1 and N2 suggest lleabtean provides 78 to 87% of the nitrogen at
these sites. Fry et al. (2001) found that theogén stable isotope ratio of green macroalgae
during the dry season outside the mouth of Coosdggtvas 8.3 — 9.0 %0 (sampled during
October 1998 and July 1999) and inside the moutbaafs Estuary the isotope ratio was 7.7 —
7.8 %0 sampled during the same months, which islairto our data.

The observed isotope ratios at Stations N3-N5 ekttsese expected from oceanic nitrogen
sources suggesting there is an additional nitregeince. Isosource was used to calculate all
possible combinations of ocean, riverine, and WWiitfogen sources that could produce the
observed isotope ratios at Stations N3-N5. Siheeshort-term salinity time series provided
better estimates of the isotope mixing than theageof low and high tide cruises, we used the
two end member mixing model with data from Y2, 48d M3 to estimate the contribution of
the ocean. The two end member mixing model of mes® river sources using Station Y2 and
Y 3 suggested that the ocean provided about 97%e0DtN at Station N3 and N4. Using
Isosource and selecting only those solutions witb@an contributior 87%, the contribution

of nitrogen sources were estimated to be 87-91%roce9-13% WWTF and < 2% riverine.

The two end member mixing model of ocean and ®eerrces using Station M3 suggested that
the ocean provided about 65% of the DIN at Staén Using Isosource and selecting only
those solutions with ocean contribution within 24.0f that predicted from the two end member
mixing model, the contribution of nitrogen soureg¢sStation N5 were estimated to be 55-75%
oceanic, 17-26% WWTF and 7-21% riverine. This rnayan underestimate the contribution of
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the ocean and an overestimate of the contributiagheoWWTF since M3 is located slightly
upriver of N5. Predicted isotope ratios calculaisohg Stations C10 and C16 were higher than
those using M3, and yield oceanic contributionalwdut 90%.

Based on this analysis, all of the macroalgaN sampling locations (N1-N5) were dominated
by oceanic nitrogen sources, and the elevatiohefdotope ratio above ocean end member at
Stations N3 and N5 is due to the nitrogen soure@sgba mixture of oceanic and WWTF
sources. We used a median salinity of 25 psu (@mservative estimate) as the boundary
between the oceanic and riverine segments. Wehisextical salinity from Oregon DEQ and
South Slough Estuarine Reserve to aid in the zomati

Table 5-11. Observed and predicted isotope réfios two end member model) in Coos
Estuary.

OBSERVED STATION
mean * standard dmix USED FOR
SAMPLING deviation mean + standard MIXING
STATION DATE (%0) deviation MODEL
8.4+0.0 Cc2
N1 8/7/2005 7.6+1.8 8.2+0.1 Y5
8.1+0.1 Y6
8.3+0.1 Y1
N2 8/7/2005 7.0+1.9 8.2+0.1 Y7
8.3+0.1 C4
8.2+0.1 Y2
N3 8/5/2005 9.6 £0.3 82201 c7
8.2+0.1 Y3
N4 8/6/2005 10.0+0.4 81202 C6
6.1+0.9 M3
N5 8/4/2005 10.0+0.1 7.9+0.1 C16
7.8+0.1 C10
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Figure 5-11. Location map of stations in Coos &stishowing the locations of datasondes,
water quality stations, isotope samples, and WWTH red dashed line shows the boundary
between the oceanic and riverine segments.
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Table 5-12. Summary of dry season salinities in<Bstuary.

STATION

MEDIAN
(psu)

5" PERCENTILE
(psu)

95" PERCENTILE
(psu)

Datasondes (Y1-Y4 Deployed August 3 — 10, 2005; ¥ad Y6 Deployed July 26 —
August 24, 2006; Y7 Deployed July 6 — 20, 2006).

Y1 33.5 31.9 34.0
Y2 32.5 31.7 33.5
Y3 32.4 30.8 33.9
Y4 28.9 27.0 30.0
Y5 32.5 31.4 33.1
Y6 32.1 29.4 33.0
Y7 32.4 30.4 334
Mini-CTDs (Deployed August 3 — 10, 2006)

M1 NA NA NA
M2 27.8 24.9 30.8
M3 20.6 8.6 24.5

Classification Low And High Tide Cruises

STATION LOW TIDE SALINITY (psu) HIGH TIDE SALINITY (psu)
C1 33.1 33.8
C2 NA 34.2
C3 NA 33.6
C4 32.5 33.9
C5 31.7 33.8
C6 30.4 33.1
C7 32.0 33.1
C9 29.8 32.3
C10 29.0 30.6
Cl1 27.9 29.9
Cl12 26.3 28.3
C14 31.9 33.9
C15 31.4 NA
Cl6 29.4 30.9
C1v 20.6 20.7
C18 23.2 28.3
C19 12.5 18.5
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5.7 Tillamook Estuary

Data used to determine the zonation in Tillamooki&y included salinity data from short-term
YSI and Mini-CTD deployments in 2005 (Table 5-18jlanacroalgae isotope data (Table 5-14)
collected as part of this study at four sites (NA,-Rigure 5-12). Historic salinity data were also
available at 23 stations from the Oregon DEQ (3ger€ 5-13;
http://deql2.deq.state.or.us/lasar2/). Using #hieisy data from the classification data
collection effort (Table 5-13) and the conservativiging model (Equations 5.4-5.6), we
examined the importance of oceanic and riverin®gén sources within the estuary. For the
ocean end member in the conservative mixing medelised the high tide DINCG = 24.1uM)
from Station C1. This is probably a good estinadtthe ocean end member since there were
strong upwelling conditions (based on water temjpeean Figure 4-2) for about 1 week prior to
the macroalgae isotope sampling. Since therenageifers discharging into Tillamook Estuary,
we used different river end members depending tippmacroalgae sampling location.
Stations N1 and N2 are located in the vicinityred Miami River. For Stations N1 and N2, we
used the mean DIN concentrations from Station@G3<52.4uM), which is in the Miami

River. Station C3 had similar high and low tidéNDdoncentrations and a salinity of <1 psu.
Colbert (2004) sampled the riverine end member&lzmook in 1998 and 1999; their mean
DIN for the Miami River during May-August was 51u##1, which was comparable to our river
end member from Station C3. The Tillamook, Tras# Wilson rivers discharge into the
southern portion of Tillamook Estuary. For Stathdh, we used the mean of the low tide cruise
for Stations C13-C150r = 39uM), which had salinities ranging from 0.1-1.3 psCiolbert

(2004) sampled the Tillamook, Trask and Wilsonnmsva 1998 and 1999 and found similar dry
season end members (mean = 3&MB. Since Station N3 is located in the centraltjpor of the
estuary, we calculated the isotope ratios usingvioedifferent values for the river end member
(Cr =39 and 52.4M) and present results of both in Table 5-14. riegéngly, Tillamook

Estuary had the highest values of riverine end negmbf the seven target estuaries that we
sampled.

The observed isotope ratio at Station N1 was ab%utess than the isotope ratio predicted using
the two end member mixing model of ocean and seerrces (using salinity data). Based on
this analysis, the contribution of oceanic andniive nitrogen sources was 85% and 15%,
respectively. Using Isosource to mix the three mednbers, we found that the maximum ocean
contribution that could produce the observed iset@tio was 67% (with the remainder of the
nitrogen being riverine). Based on both of thesa#yses, Station N1 was ocean dominated.

In the vicinity of Station N2 there was high vaiidlp in the salinity which is evident in the large
difference between salinities at Stations Y1 andcav@ C2 and C3. Stations Y1 and C2 are
marine, while Stations Y2 and C3 are fresh. Simeealid not have salinity observations at
Station N2, and considering the high variabilitytie nearby stations, the two end member
mixing model did not produce useful results. Isose was used to calculate all possible
combinations of ocean, riverine, and WWTF nitrogenrces that could produce the observed
isotope ratio. There were limited results thatidgroduce the observed isotope ratio, so the
salinity constraint was not needed. Results freasdurce suggested that the primary nitrogen
source was riverine (80-94%) with oceanic and WWW&kg minor components (10-20% and 3-
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7%, respectively). Based on this analysis, riverirputs were the dominant nitrogen source at
Station N2.

Unfortunately, we did not have acceptable salitiiye series data in the vicinity of Station N3.
For the two end member mixing model, we used lod/tagh tide cruise data from Stations C5
and C6. The isotope ratios predicted using thedmsbmember mixing model were similar to
those observed, particularly for Station C6. Basedhe two end member mixing model for
Station N3, the ocean contribution ranged fromd&82% and the riverine contribution ranged
from 18 to 34%, depending upon which station amdrrend member was used in the analysis.
Using Isosource and only selecting those resudtisitad oceanic contributions >55%, the
oceanic contribution ranged from 55 to 68%, rivenianged from 32 to 42% and WWTF was
less than 4%. Both of these analyses suggeste8tdizon N3 was ocean dominated.

At Station N4 the observed isotope ratio was 167/%.higher than the isotope ratio predicted
using the two-end member mixing model (dependinguphich station is used for the salinity)
suggesting that there may have been an additiginagan source. Based on a two end member
mixing model, the oceanic contribution ranged fr@no 23%, while the riverine contribution
ranged from 76 to 91% (depending upon which statias used). There are two WWTF
facilities (one major and one minor) within 4 kmStation N4 (Figure 5-12). Using Isosource
and selecting only those solutions with the ocearirtoution within £10% of that predicted

from the two end member mixing model, we estimdlted the riverine contribution ranged from
60 to 83%, oceanic contributions were less than,30% WWTF contributed between 5 and
18%. Therefore, based on these analyses Statiomas4iver dominated.

Due to the uncertainty in the analysis of the ipetdata due to multiple riverine end members,
multiple WWTF inputs, and non-ideal availability sdlinity data for the mixing model relative
to macroalgae sampling locations, we used recahhitoric salinity data in the derivation of
the zonation. Using the values of the riverine aoglanic end members from Tillamook Estuary
(Cr =39 -52uM andC, = 24.1uM) and the conservative mixing model, the boundsetyveen
oceanic and riverine dominance occurred at a $alriiabout 20-23 psu. The value of the ocean
end member was relatively high compared to averdggdeason values for Yaquina Estuary.
UsingC, = 13.4uM (which is the June to August average for 200%ajuina Estuary), the
boundary would be located at about 25 psu. Toobservative in our estimates, we used a
salinity criterion of 23-25 psu to divide the estuato oceanic and riverine segments (Figure 5-
13). The boundary between the oceanic and rivesggenents in the northern portion of
Tillamook Estuary was based upon the analysisefdbtope data at Station N3.
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Figure 5-12. Location map for Tillamook Estuarpsing the location of datasondes, water

quality stations, isotope samples, WWTFs. Theda&shed line shows the boundary between the
oceanic and riverine segments.
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Table 5-13. Summary of dry season salinities llamiook Estuary (NA denotes missing or bad

data).
MEDIAN 5" PERCENTILE | 95" PERCENTILE

STATION (psu) (psu) (psu)
Datasondes (Deployed July 19-25, 2005)

Y1 33.9 25.0 34.9
Y2 2.4 0.0 27.2
Y3 29.6* 10.6* 34.1*
Y4 7.8 0.5 23.7

* Evidence of

biofouling, summary statistics cortggliusing 2 day record.

Mini-CTDs (Deployed July 19-25, 2005

M1 2.4 2.2 12.7
M2 11.9 2.6 26.3
M3 17.2 2.5 25.1

Classification Low And High Tide Cruises

STATION LOW TIDE SALINITY (psu) HIGH TIDE SALINITY (psu)
C1 29.7 33.4
C2 27.3 33.2
C3 0.1 0.1
C4 11.6 9.1
C5 25.2 33.1
C6 194 32.1
C7 NA 16.5
C8 NA 7.4
C9 11.0 27.7
C10 NA 21.8
Cl1 0.0 0.0
C12 0.2 0.7
C13 0.1 1.6
C14 1.3 4.0
C15 0.1 0.1
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Table 5-14. Observed and predicted isotope réftiosr two end member model) in Tillamook
Estuary.

OBSERVED OMIX STATION
mean * standard mean + standard USED FOR

SAMPLING deviation deviation MIXING

STATION| DATE (%o) (%o) MODEL
75+1.0 Y1
N1 7/20/2005 6.1+0.9 7.7+1.0 Ci1
73+14 Cc2
73+14 Cc2
2.0 C3
N2 7/21/2005 3.2+05 75410 Y1
26+14 Y2
7.0-7.2 C5
N3 7/22/2005 6.2+0.6 6265 C6
35+13 Y4
N4 7/23/2005 52+04 56205 M1
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Figure 5-13. Median dry season salinities in ilteok Estuary (with number of samples
indicated in parentheses). The red dashed line@skite boundary between the oceanic and
riverine segments.
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5.8 Nestucca Estuary

Data used to determine the zonation in the NestHstaary included salinity data from short-
term YSI and Mini-CTD deployments in 2004 (Tablé%and macroalgae isotope data
(Table 5-16) collected as part of the classifiaatdfort at two sites (N1 & N2). During our
2004 field work, we lost two instruments in the Ewportion of the estuary. During September
2006, we collected additional data in this estdaryuse in confirming zonation. A YSI
datasonde was deployed near the mouth (Y2) and®Mids were deployed at 3 locations (M3-
M5).

As discussed in Section 4.3, the Nestucca Estuasysampled during low ocean nutrient
conditions, which is reflected by DIN concentratmiabout 2uM at Stations C8-C10 during the
high tide cruise. Flood-tide water temperatur@fréaquina during the 2 weeks prior to the
isotope sampling indicated that the coastal oceaditions were variable switching between
upwelling and downwelling conditions (Figure 4-There were limited oceanic end member
DIN data from Yaquina Estuary during the two wepksr to the collection date (8/19/04) of the
isotope sampling in Nestucca; the mean ocean emdb@r DIN concentration from Yaquina
during August 5th - 7th was 5uM (n=6), and averaged over one month prior to sl¢oipe
sampling was 15.4M (n = 38). Due to this variability in ocean enémber DIN

concentrations and limited end member data availeblthe 2 weeks prior to sampling, we
present results using, values of both 5.7 and 15/ (Table 5-16). Since the river end
member at Station C1 was fairly constant betweeradw and high tide cruises, we used the
mean of the low and high tide cruises as the mesend membeGg = 38.4uM). We did not
have short-term time series salinity data in tlogny of Station N1 during 2004 due to the loss
of instruments. We used salinity data from Sta@@@nfor the isotope mixing model and as an
approximation, we also used time-series salinita di@m Station Y2, which was collected in a
similar time period (month) as the macroalgae samfsom N1 but two years later. Using
salinity data from Y2, the observed isotope ratibla was similar to that predicted using the
two-end member conservative transport mixing mo@ssed upon isotope ratio, Station N1
received about 70-90% of nitrogen from oceanic GeaIr

The observed isotope ratio at Station N2 was sobatly higher than that predicted from the
two-end member conservative mixing model (regasdtdsvhich value o€, was used in the
calculation), suggesting that there was an additiaitrogen source in the system or that
denitrification was important (although see disaus$Section 5.9). There is a WWTF located in
the vicinity of Station N2, which discharges inke tNestucca River about 1.5 miles upstream of
its confluence with Nestucca Estuary. In additibvere are two other minor WWTFs that
discharge into the Nestucca River about 7 - 10snijestream of the mouth of the estuary. The
presence of these three facilities suggests thaff®WWput may be responsible for the observed
deviation from the two-end member mixing model.ingdsosource constrained by the salinity
data, the ocean contribution ranged between 8-1384jverine contribution ranged between 70-
80%, and the WWTF contribution ranged between 1%-2@epending upon which end member
is used).

Due to limited data availability, the southern bdary between the oceanic and riverine
segments was based upon the salinity criteriom@udata from Station M2). The northern
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boundary was based upon data from the high tidsiieation water quality cruises (salinity and
dissolved inorganic nutrient data). Data from hiigh tide cruises suggested that ocean water (as
indicated by high salinity and nutrient levels cargble to Station C10) reached Station C5 and
there was a dramatic decrease in salinity betwésin8s C5 and C4 (a difference of about 19
psu). In addition, the high tide cruise NMENO, concentrations were low (<) between
Stations C10 and C5, reflecting the low ocean antrconditions during this cruise. There was
an increase in NOFNO, (of about 131M) between Stations C5 and C4 reflecting an in@éas
importance of riverine (or WWTF) nitrogen sources.

Using the conservative mixing model and the ocemhraver end members for DINCg= 38 uM
andCo = 15.7uM), the boundary between ocean and river dominaocarred at a salinity of

24 psu. Based on median salinity, the estuaryldimiriver dominated in the vicinity of

Station M1 (median salinity of 12 psu). The sairlata collected during 2006 from Stations
M3 and M4 confirmed that they were river dominadéed that Station M5 was ocean dominated.
There is some uncertainty in the zonation of tkisi@y (in particular the northern line) due to
limited data.
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Figure 5-14. Location map of Nestucca Estuary shgwhe locations of datasondes, water
quality stations, isotope samples, and WWTF. Huedashed line shows the boundary between
the oceanic and riverine segments.

152



Table 5-15. Summary of dry season salinities isthleca Estuary.

MEDIAN 5" PERCENTILE 95'" PERCENTILE
STATION (psu) (psu) (psu)

Datasondes (Y1 Deployed July 28 — August 19, 20@¥hd Y2 Deployed From August 29 —
September 1, 2006)

Y1l 6.4 1.0 18.1

Y2 33.2 22.4 33.5

Mini-CTDs (M1 And M2 Deployed July 29 — August 192004; M3 Deployed August 29-
September 1, 2006, M4 Deployed September 1 — 6, 80M5 Deployed August 29 —
September 6, 2006.)

M1 11.6 0.0 32.6
M2 23.0 14.6 31.8
M3 8.1 3.1 28.3
M4 19.1 1.0 31.9
M5 28.5 17.6 32.3
Classification Low And High Tide Cruises

STATION LOW TIDE SALINITY (psu) HIGH TIDE SALINITY (psu)
C1l 1.6 3.8

Cc2 3.3 5.1

C3 5.2 9.0

C4 6.8 12.2

C5 7.2 31.0

C6 11.0 30.5

C7 16.5 32.2

C8 18.1 32.7

C9 21.3 32.7

C10 23.9 32.7

Cl1 19.2 31.6

C12 17.7 30.7

C13 17.7 27.5

Cl4 19.9 20.5

C15 19.8 15.2

Table 5-16. Observed and predicted isotope réfios two end member model) in Nestucca
Estuary.

OBSERVED dMIx dMIx STATION
mean + standard calculated using calculated using USED FOR
SAMPLING deviation Co=5.7uM Co=15.7uM MIXING
STATION DATE (%o) (%o) (%o) MODEL
3.6+0.4 51+£05 C9
N1 8/19/2004 6.6 +0.1 20517 26112 V2
2.3+0.3 28+0.7 Y1l
N2 8/19/2004 53x14 21+0.1 22+0.1 Cl
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5.9 Synthesis and Uncertainties in Zonation

Utilizing 8*°N of green macroalgae combined with short-timeeseoi salinity, we divided the
target estuaries into oceanic and riverine segmedntaddition, using Isosource constrained by
the salinity data we estimated the contributioM®&WTF inputs. Based on our analysis, oceanic
and riverine inputs were the dominant nitrogen sesiwithin the target estuaries. The
maximum contribution of WWTF estimated from staisletope data was 30%. We feel that our
analysis is robust since it uses multiple linegxdependently gathered evidence which lead to
similar conclusions. The analysis utilizing nitevgstable isotopes as a tracer of oceanic and
riverine nitrogen inputs appears to be consistetiit zonation based upon median salinities.
Depending upon the DIN concentration in the riveramd member, the zonation occurred at
median salinities ranging from 18 to 25 psu. Sidret al. (1988) divided Oregon estuaries into
three zones (seawater 25 psu), mixing (0.5-25 psu), and tidal fresh (B{0su) using average
annual and depth-averaged salinity data. Thewdwsd zonations for Alsea, Yaquina and
Tillamook estuaries. Our oceanic zone extendfiéunpriver (1.6, 3.2, and 8 km for Alsea,
Tillamook and Yaquina, respectively) than the séawzones presented in Shirzad et al. (1988).
This is probably a result of our zonation beingdobigpon dry season conditions, whereas the
ones in Shirzad et al. (1988) are based upon agenagual conditions.

Treated effluent associated with WWTF is discharigéadl six of the target estuaries. In
Yaquina, Umpqua River and Nestucca estuaries, terWeffluent is discharged into the
riverine segment, while in the Alsea and Coos emsd@he discharge is in the oceanic segment.
Tillamook Estuary has multiple WWTFs dischargintpiit, one into the oceanic segment and
two into the riverine segment. Effluent dischargad oceanic segments would experience
strong tidal mixing, and the effluent would remairthe estuary for a shorter time period. One
method that may aid in determining the susceptybaf estuaries to nutrient enrichment would
be to overlay point source inputs on the ocearrdeaation.

There is some uncertainty in the estuarine zonasoa result of data gaps as well as interannual
variability. This analysis was based upon one-tsa@pling of natural abundance stable isotope
of green macroalgae. When possible, we comparestable isotope values to other data
available for the target estuaries. Coastal systam highly dynamic, responding to
environmental forcing at scales ranging from misy&g. changes in tidal elevation) to days
(e.g. storm tracks) to decades (e.g. the Pacifmabal Oscillation). The zonation described here
is based primarily on single sampling events avadays of sampling. Consequently, it is
imperative to recognize that these zonation schewreestended to provide guidance at a gross
scale. We are most confident in the results fopser estuaries (e.g. one riverine source) and
systems where extensive datasets were availaple Ad¢sea, Salmon and Yaquina). When
possible, we compared our value of riverine andioiceend members to values from other
sources. These comparisons revealed that theenemembers we utilized were consistent
with historical data. For estuaries where theeeraultiple rivers flowing into the estuary (e.g.,
Coos and Tillamook) there is more uncertainty mtbsults given the logistical and financial
constraints of sampling multiple riverine inputs.

One of the limitations of this analysis is that @anot distinguish human (WWTF or septic)

from animal waste because their nitrogen stabkepsoratios are similar. Other chemical tracer
analyses can make this distinction; however, thestnods were not used in this study.
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Additionally, we assume that macroalgae do notifvaate (preferentially take UpN relative to
>N during nitrogen assimilation, which is supportgdthe recent experimental work of Cohen
and Fong (2005). We are currently conducting latmyy experiments to critically evaluate this
assumption for green macroalgae collected from WeqHstuary. In addition, our method
assumes that the nitrogen stable isotope ratisasudt of a mixture of oceanic, riverine and
WWTF sources, and that the end member values argatie for all of the target estuaries. We
believe this is a good assumption due to the srityilan land cover within the watersheds of the
seven estuaries (Table 3-3) and the similarityc@am conditions over the geographic extent of
our study (Section 4.3). Of the target estuaf@ms and Umpqua had the least amount of alder
in the watershed (See Section 4.2). Fry et aD128ampled water column nitrate and green
macroalgae in the Coos Estuary. BHeN of nitrate at a riverine site averaged +1.7%o. ahd
macroalgae averaged 1.8 %o, which is consistent eutiriverine end member. Umpqua had the
lowest amount of red alder in the watershed (< (),%#td the most riverine macroalgae
sampling sites there had a minimum isotope ratie5of %o. If the riverine end member for
Umpgua was not +2 %0, we may have over-estimateddhg&ibution from WWTF inputs. The
watersheds of the seven estuaries are primarigsted and have low population densities. If
there is an additional source that we have neglemté denitrification is important, we may
have incorrectly calculated the contribution of Hueirces. Kendall and McDonnell (1998)
recommend that the contribution of nitrogen soufo@® natural abundance stable isotopes be
confirmed through an independent non-isotopic nekthiéor Yaquina Estuary, we were able to
confirm the isotopic contribution of sources usthg transport model.

Denitrification can result in elevation of té°N, which can be misinterpreted as WWTF input
in our analysis. Kendall and McDonnell (1998) msstied that denitrification of fertilizer nitrate
with a8™N of 1%. can result in the residual nitrate havingsotope ratio of 15%o, which is
similar to animal or human waste. The importarfogemitrification in nitrogen removal in
estuaries is a function of residence time (Dettm@001). Denitrification represents a
significant loss of nitrogen in estuaries with telaly long residence times. The residence times
of the target estuaries are relatively short (teas 1 month) due to their small volume, strong
tidal forcing, and high freshwater inflow (see Te$B-6 and 3-7). We would expect that the
importance of denitrification would increase astierflow declines. However, based on the
analysis of Dettmann (2001) and residence timebl€Ta:7), less than 10% of the nitrate in the
target estuaries would be denitrified. Furthermtre ability of the Yaquina transport model to
reproduce the spatial and temporal patterns inmstitepe data strongly suggests that the nitrogen
stable isotope ratio of the macroalgae is beingrdghed primarily by a mixture of the three
nitrogen sources (oceanic, riverine, and WWTF)eathan by denitrification. Our analysis also
assumes that tHe™N of the sources is the same across the regiomp@nsons of macroalgal
nitrogen stable isotope ratios between Yaquinafdséa are similar for both the ocean and river
end members (Figures 5-3 and 5-8). In additiorgroedgae >N from Coos Estuary by Fry et

al. (2001) further support the validity of this asgtion. This analysis also assumes that there is
minimal temporal variability in thé >N of the end-members. The ability of the Yaquina
transport model to predict the"™N reliably using fixed values for the end-membétigjres 5-4
and 5-5) indicates that this is a reasonable assompFinally, we assume that the WWTFs
represent a minor contribution of the total fresteawanput to these systems. Riverine flow rates
are many times larger than WWTF inputs even dupegods of low river flow, suggesting that
this is a good assumption.
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Since we sampled intertidal macroalgae, therensespotential that our analysis would be
biased (over estimating oceanic contribution afogén) due to elevation of the samples. If
macroalgal samples are collected at a high elavaélative to mean lower low water, then they
may only be exposed to water during higher watevatlons, which would tend to occur during
flood tides. Since we primarily are concerned witnogen sources that seagrass habitat is
exposed to and most of the seagrass habitat ieetbaathe intertidal, this is probably not a
significant source of error. This error would bermsignificant for highly stratified estuaries,
which is typically not the case for Oregon estuadaring the dry season (Tables 3-1 and 3-6).
Model simulations also reveal that this error waoddmost important in the lower portions of
the estuaries compared to the upper.

In our study area, most of the nitrogen sourcakdaestuary are isotopically distinct (Figure 5-1)
which leads to a relatively clean 2 or 3 end-menmbieing solution. As discussed in

Section 3.7, watershed nitrogen inputs in the areayenerally related to red ald@ir{us rubrg

a nitrogen fixing species characterizedSbtyN ranging between -3 and -0.5 %o (Hobbie et al.,
2000; Tjepkema et al., 2000; Cloern et al., 20(2amples from the Yaquina River indicate that
thed *°N of the nitrate in the river water ranges from4+t +2.4 %o (Kaldy, unpublished),

which is consistent with macroalgaf®N values for our riverine sites. Literature valfiesthed
5N of oceanic nitrate (the dominant nutrient asgediavith upwelling) along the PNW coast of
the United States range between +6.6 and +7.7 %n@st et al., 2002; Wankel et al., 2006).
Thed N of the nitrate for water samples collected frabmailes offshore of the Yaquina
Estuary range from +6.7 to +7.6 %o (Kaldy, unput@igh Thes **N values of green macroalgae
utilizing recently upwelled water along the Oregmast typically range between +7 and +9 %o
(Fry et al., 2001; and Kaldy, unpublished). WWTfuent generally has high >N with values
ranging between +7 and +25 %o (Heaton, 1986; Jonais, 2003). Future work includes the
measuring the isotope ratios of WWTF effluent frthva local sources. Agricultural fertilizer
inputs to coastal Oregon estuaries are minimaksiinere are no major agricultural crops
cultivated along the coast. The amount of culgddand in the watersheds of the seven target
estuaries varied from 0 to 0.22% (Table 3-3)sdme localized areas animal waste inputs may
be substantial, notably Tillamook Estuary; howewer isotope analyses cannot distinguish
between animal and human waste.

The use of macroalgdl™N to identify nitrogen sources in estuaries hasike attention in the
recent scientific literature (Cohen and Fong, 2003)fortunately, the use 6f°N is not always
clear cut. Nitrogen dynamics are extremely comphegdiated by a variety of microbes.
Different microbial biochemical transformations kaspecific isotope fractionation factors such
that the products have differeht°N values than the initial reactants (Fry et alQ20
Consequently, caution must be used in the inteapioet of5 *°N data, in particular neglecting
the ocean end member. For example, the directcaiph of thes *°N regression equations
from Cole et al. (2004) to the data presented wexdld erroneously suggest that WWTF have a
much greater impact on estuarine nitrogen dynamit® background marine signal associated
with upwelling is a departure from the general imumirloading paradigm (e.g. nutrients primarily
from anthropogenic watershed sources). The pailegtiior can result from not accounting for
all nitrogen sources and is likely to occur in aredere ocean upwelling is a dominant feature
of seasonal nutrient inputs as it is along thefRRaCioast of the U.S. (Fry et al., 2003; Cole et al
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2004). We have used multiple lines of evidenceujmport our conclusions. Specifically, we
have used two-end member mixing model§ BN and salinity as well as Isosource (Phillips
and Gregg, 2003) and a transport model. This agbravas validated for the Yaquina Estuary
and we are encouraged that all three of these aplpes provide very similar zonation patterns.

Based on the zonation scheme described in thigehdiye of the target estuaries had >50% of
the total estuarine area classified as ocean daeedna he Salmon and Umpqgua River estuaries
were classified as having 29 and 30%, respectieéligtal estuarine area classified as ocean
dominated. Salmon River Estuary is the smallesildhe systems examined encompassing
only 3.1 knf of total estuarine area. As discussed in Seaidr8, both of these estuaries switch
from ocean- to river-dominated over a tidal cyald &dased on this we classified them as having
the strongest river influence (Figures 4-8 and .4Mpst systems were ocean dominated,
indicating that the influence of the coastal ocaad the dynamics of oceanographic phenomena
cannot be ignored. The strong influence of thestadacean on PNW estuaries is a departure
from the usual paradigm associated with nutrieatliog.

Table 5-17. Summary of the total estuarine area&ch target estuary and the area and
percentage of total in the oceanic and riverinersags based on salinity and macroalgal isotope

ratios.

AREA
(KM?)

YAQUINA

ALSEA

SALMON

UMPQUA

COQOS

TILLAMOOK

NESTUCCA

Total
Estuarine

19.9

12.5

3.11

33.8

54.9

37.5

5.00

Oceanic
Segment

13.4

7.75

0.91

10.1

42.1

23.4

4.07

Riverine
Segment

6.58

4.72

2.19

23.7

12.1

14.0

0.93

% in
Oceanic
Segment

67

62

29

30

78

63

82

% in
Riverine

Segment

33

38

71

70

22

37

18
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CHAPTER 6:
AERIAL MEASURES OF ESTUARINE INTERTIDAL AND SHALLOW  SUBTIDAL
ZOSTERA MARINA COVERAGE

David R. Young, Patrick J. Clinton, Henry Lee llaldd T. Specht, and T Chris Mochon Collura

Key Findings

* Intertidal and shallow subtidal distributions of Zostera marina were mapped in
the seven target estuaries via aerial and on-grounslurveys.

* The extent ofZ. marina varied among the estuaries, ranging from non-
detectable via aerial surveys to about 11% of thentertidal area.

* The majority of the intertidal and shallow subtidal Z. marina is found in the
oceanic segments of the estuaries.

* Most of the Z. marina habitat is found at depths ranging from -3 to 3 fet (-0.9 m
to 0.9 m) above MLLW.

6.0 Introduction

Zostera marinas a flowering marine plant that can form thickadews or beds of perennial
plants in the intertidal and subtidal sectionssitiaries, providing a critical habitat and food
source for numerous taxa including commerciallyon@nt fish and shellfish (Heck et al., 1989;
Sogard and Able, 1991; Dennison et al., 1993; Bastnd Bonsdorff, 1997)Z. marinais one

of the many species of seagrasses that have beerelyampacted by anthropogenic activities
around the world (Hemminga and Duarte, 2000; Sétoat., 2001). One cost-effective approach
of assessing current seagrass distributions asawelhanges in distributions is through the use
of aerial surveys. However, the intertidal andtil#b distribution ofZ. marinapresents
challenges in mapping its distribution. Theref@ne aerial survey method of mapping the
intertidal and shallow subtidal portions of themarinahabitat in PNW estuaries has been
developed by Clinton et al. (2007). A method oppiag the deeper subtidal portion of the
distribution not visible from the surface is stilider development and testing (Dr. Ted DeWitt,
pers. comm.).

The objectives of this aerial photomapping studyene 1) assess the extent and distribution of
intertidal and shallow subtidal. marinain the seven target estuaries, and 2) determine the
relative distribution oZ. marinain the oceanic and riverine segments of eacheo&tuaries.

6.1 Methods

6.1.1 Aerial Photography Sampling Frame and Design

Owing to the extensive eelgrass distribution in PE$tUaries, this component of the project
used a remote sensing technique. The method estphgrial photographs and false-color near-
infrared (color infrared, CIR) film, which provideetter contrast than full-color film in
distinguishing submersed aquatic vegetation (SAStributions (Young et al., 1999). However,
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because CIR film cannot resolve images more thfawam below the water surface, the
photographs must be taken during exposed inte(valsdaylight low tides). In addition, the
weather must be cloud-free (or uniform high ovetjc@sobtain uninterrupted photo survey
coverage. In addition, the presence of benthiemgreacroalgae can confound the interpretation
of the SAV signals; thus, it is important to acguine photography of target estuaries during late
spring or early summer, when there is enodgmarinagrowth and sunlight for imaging, but
before the summertime bloom of benthic green mdgaea(see Section 7.2.4). Although most
of the photography was conducted when the tidd leas between 0 and -2 ft (-0.6 m) relative
to Mean Lower Low Water (MLLW), the upper portiohtbe immersed eelgrass plants in the
shallow subtidal zone (down to about -6 ft or -hBwas floating on the surface and could be
detected by the CIR film. Thus, the range of titertidal/shallow subtidal zone sampled by this
technique was from the upper margin of the zorabatt +6 ft (+1.8 m) to about -6 ft (-1.8 m),
the approximate lower depth limit of detection.nglish units are used for most available tide
level and bathymetry data in the PNW, and thugheerimary units used here). The lateral
extent of a study area generally ranged from atfeibcean entrance of the estuary to the
upriver termination of the reported distributionitertidalZ. marinain that system. In the
Yaquina Estuary, the aerial photography extendégaivout 11 km upriver from the ocean
entrance; thus, this study area did not includeetitee riverine segment. However, numerous
boat surveys by the authors have shown that osigall proportion of the intertidal/shallow
subtidalZ. marinaoccurs upriver of the study area.

The photosurveys were conducted under contractdoyranercial vendor. Maps of the required
flightlines and photocenters, tables of daylight kide windows, and specifications of the
photography (e.qg., large-format camera focal lenfgtimt and side overlap, maximum aircraft
tilt, camera calibration, etc.) were provided byHBC The photoscale used in the 2004
photography was 1:10,000, and in 2005 was 1:20,00@ resultant film (or diapositive copy)
was digitally scanned, and the digital photograples were converted to digital photomaps with
pixels corresponding to 0.25xr0.25 m on the ground using ERMappdesktop
orthorectification. These orthophotos were moghioe each estuary and then each pixel was
classified into one of two classes, defined aseglyrass bed (>10% cover Bymaring or (2)
bare substrate (¥0% cover by. maring.

Image classifications were accomplished with a doation of digital image processing and
manual techniques. Terrestrial portions of thegenaere masked in ERMapfarsing vector
polygons, and a vegetation index algorithm wasiadgb mask patently unvegetated areas in
the remaining imagery. A seven class unsupendgessification using ERMappetSOCLASS
algorithm was applied to the masked imagery anddkelts converted to seven Arclfifiormat
binary grids representing each band of the isofieason. The grids were manually edited in
ArcMap® by the photointerpreter using ArcS€amster editing tools to remove false-positive
pixels and recompiled to form the seagrass map.

An example of the distribution &. marinacoverage in the Yaquina Estuary obtained from the
classification of the April 2004 digital photomagsresented in Figure 6-1. The aerial
photography did not yield acceptable imageZ.aharinabeds in the Nestucca and Salmon
River estuaries. For these estuaries, a vessgipagliwith a differential-corrected global
positioning system (DGPS) was used to positionvikible edges of intertidal and shallow
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O Bare Training Site

[ | >10% Seagrass Training Site
f\j Seagrass margin - Boat GPS
N Seagrass margin - Walking GPS
>10% Seagrass Classification

0.5 0 0.5 1 Kilometers
ey —

Figure 6-1. Intertidal and shallow subtidal distition ofZ. marinafrom digital image

classification of aerial photos of Yaquina Estuaken in April 2004. The eastern (upriver)
edge of the survey area was selected becauserlitttitidalZ. marinaoccurs beyond the
boundary shown.
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GPS Tracklines for Seagrass Delineation
Lower Boundary Boat Track N Upper Boundary Foot Track
A 50 0 50 100 150 200 250 Meters

N

Figure 6-2. Track of lower margin of surface-visidistribution ofZ. marinain the near-
subtidal zone (using DGPS in a small boat), angppier margin (walking with DGPS), in the
Yaquina Estuary.
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subtidalZ. marinabeds within each estuary. In some cases, uppeayimsaalso were positioned
by carrying a DGPS while walking this margin durigxposed conditions. The root mean
square error of the DGPS system used in this stady+ 0.6 m. An example of such
positionings of the visible edges of an intertidatl shallow subtidal. marinameadow in
Yaquina Estuary is presented in Figure 6-2.

6.1.2 Estuaries Surveyed

The sampling dates and mapping method utilizedh®iseven target estuaries are presented in
Table 6-1.

Table 6-1. Mapping method utilized and dates gbpnag for intertidal and shallow subtidal
Z. marinadistributions in the target estuaries.

ESTUARY DATE MAPPING METHOD
Alsea April 9, 2004 Aerial Orthophotography,
Summer 2005 Surface Positioning
Coos May 26, 2005 Aerial Orthophotography
Nestucca Summer 2004 Surface Positioning
Salmon Summer 2004 Surface Positioning
Tillamook April 9, 2004 Aerial Orthophotography
Umpqua July 24, 2005 Aerial Orthophotography
. April 9, 2004 ,
Yaquina July 23, 1987 (above river mile _)Aerlal Orthophotography

6.1.3 Ground Surveys

“Ground truth” surveys were conducted in the figéuaries surveyed by aerial photography
usually in the same season that the photosurveyoaraducted but sometimes a year or two
later. The methodology was based upon the recomatiems of Congalton and Green (1999).
First, the most reliable map available of the taggtuarine intertidal zone was used to separate
expected. marinafrom bare substrate strata. One hundred stati@mswere positioned
randomly within each stratum. Utilizing hovercratinsport and the high-resolution DGPS, 30-
70 stations in each class were located during id&y positioned, and surveyed for percent cover
of Z. marina A 1.25 m x 1.25 m quadrat, equipped with twdogonal sets of five taut strings,
was placed successively in the four compass quadratind the target position. The percent
cover of nativeZ. maring green macroalgae, non-natejaponica or bare substrate then was
guantified using the point-intercept method. Fweilng the criterion established by the NOAA
Coastal Change Analysis Program (Dobson et al5)1$®ations withtZ. marinacoverage

greater than 10% were classifiedZasnarinasites. Interference by benthic green macroalgae o
Z. japonicain the separation of ground stations idtanarinaor bare substrate classes was
negligible in all five estuaries surveyed. Approgitely 10% of the stations surveyed in each
class were randomly withdrawn and used for traitimggeographical information system (GIS)
photointerpreter conducting the image classificatidhe data for these stations were not used in
the accuracy assessments of the resultant clagsfis.
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6.1.4 Classification Accuracy Assessments

Following the classification of the digital photopsa positions of the non-training stations
determined on-site by DGPS were provided to the @i&ointerpreter for the five estuaries in
which ground surveys were conducted. An area afgriv to 2.5 m x 2.5 m on the ground
around a station’s DGPS position was subsampled the digital classification into a

10 pixel x 10 pixel array. Each pixel had beerssifged either asZ. marind or “bare
substrate.” If the number of pixels classifiedZzasnarinawas greater than 10 (>10% of the
total), that station was classified Asmarina Otherwise it was classified as a bare substrate
station. The same criterion was applied to theigtdossurvey data. The results from the digital
classification and ground survey then were incaafeat into a classical error matrix (Congalton
and Green, 1999).

6.1.5 Estuary Bathymetry

In view of the importance of substrate elevatioestuarine ecology, a bathymetric model was
developed for Yaquina Estuary. Several surveyi®main channel have been conducted by
the U.S. Army Corps of Engineers (USACE) in recgdrs, but little information existed for the
extensive tide flats of the estuary. Therefore002 WED/PCEB contracted with USACE to
extend their surveys into the shallow sectors efabtuary. Soundings were conducted at
extreme high tides near the end of the year alagséct lines every 200 feet (67 m) over the
general area surveyed by aerial photography. Medsuater depths were related to those
recorded by tide gauges within the estuary, andsaeijl relative to Mean Lower Low Water.
The total area covered by the several bathymaitrieys utilized in this study is illustrated in
Figure 6-3. The data resulting from these survesie used by PCEB to construct a bathymetric
model of Yaquina Estuary. Survey easting, northargl depth values were interpolated using
the TOPOGRID method provided in Arcinfo Workstatiohhis model is discussed further in
Section 6.2.3.

USACE 2002
USACE 2000
USACE 1999
USACE 1998
NOS 1953

PDS DEM 1998

a 1 2 km

Figure 6-3. Sectors of Yaquina Estuary coverefidiymetric surveys conducted by the U.S.
Army Corps of Engineers between 1998 and 2002.
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6.2 Results

6.2.1 Accuracy Assessments of Photomap Image Clidfisations

Error matrices were prepared from the digital ¢fasgion and ground survey results for the
Alsea, Coos, Tillamook, Umpqua, and Yaquina estésarkrrors of omission (failing to include
a ground-truth station in the classification), coission (erroneously including a station in the
classification), and overall error for the clagsations of the five orthophotographs are listed in
Table 6-2. These results for five of the sevegdhestuaries indicate that tAemarinahabitat
and bare substrate classifications from the estohpphotographs have accuracies of 83% or
greater, and the median overall accuracy was 898#lian overall error of 11%). For more
details on the accuracy assessment of the mappe§eaction B.9 in Appendix B.

Table 6-2. Summary of error matrix results fored¢ibn ofZ. marinain five of the target
estuaries based on the ground truth surveys.

ESTUARY ERRORS OF ERRORS OF OVERALL NO. OF
CLASSIFIED OMISSION COMMISSION ERROR STATIONS
Alsea
Z. marina 0% 0% 0% 44
Bare Substrate 0% 0% 60
Coos
Z. marina 26 % 12 % 17 % 38
Bare Substrate 12 % 26 % 77
Tillamook
Z. marina 12% 16% 14% 100
Bare Substrate 16% 12% 81
Umpqua
Z. marina 10 % 11% 11% 41
Bare Substrate 11% 10% 91
Yaquina
Z. marina 2% 4 % 3% 51
Bare Substrate 4 % 2% 28

6.2.2 Among-Estuary Comparison oZostera marina Coverage

Interpretation of the distribution and abundanc&.aharinafrom the aerial surveys and from
the probabilistic field surveys discussed in Chapteequires an understanding of how areas
were sampled in the two approaches. The aeridbghaphy detect&. marinain both the
intertidal and shallow subtidal zones. As discdsa®ove (Section 6.1.1), it appears that the
aerial photography detecfs marinato a depth of approximately 6 feet (1.8 meter&)weéMean
Lower Low Water (MLLW). In comparison, the probktic field surveys used an intertidal
sampling frame, approximately from Mean Lower WdMLW) to Mean Higher Water
(MHW). Thus, the probabilistic surveys would napture the subtidal portion of the SAV
population that was included in the aerial survelys.compare directly the areal extentZof
marinabetween the two surveys, the sampling frames ustiee probabilistic surveys were
overlaid on the aerial photography, generatingresties of the areas @f marinafrom the aerial
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photography within the same areas as sampled ietdesurveys. Additionally, to calculate

the percent of the area coveredzdymarina(relative cover) it is necessary to have an adeura
estimate of the area actually surveyed by the lgghiatography. Such areas could be calculated
assuming detection to 6 feet (1.8 m) if bathymedeta were available. However, bathymetric
data are currently available for only three of $kgen target estuaries. Therefore, the percent
cover ofZ. marinawas calculated using the portion of the aerialsys that fell within the
probabilistic sampling frames, which have knowraareThese percent cover values only apply
to the intertidal zone; future efforts will be dited at obtaining bathymetry for all the target
estuaries, allowing percent cover estimates tisat ialclude the shallow subtidal zone.

To compare the extent of variationffmarinaamong estuaries (Objective 1), the absolute and
relative areas af. marinain the five digitally classified estuaries, ané tiwo surface-mapped
estuaries were calculated (Table 6-3). Maps ofihr@al extent oZ. marinafor each of the

target estuaries are presented in Appendix A. €ongparison of interest is the percent coverage
values for intertidaZ. marinawithin the probabilistic frame. Three of the estas — Coos,
Tillamook, and Yaquina — show agreement withinadaof three (4.7 to 11.5% cover). For the
Umpqua River Estuary, the percent coverage vallB#4q)lis substantially lower. The Alsea,
Nestucca, and Salmon River estuaries have velg ilittertidalZ. marinacoverage within the
probabilistic frame. At present we have no congstplanation for the near absence of
intertidalZ. marinain the Nestucca and Salmon River estuaries. Hew®ne possible
contributing factor may be the high wave energthese estuaries. Nestucca and Salmon River
estuaries have the lowest values for median pefred (1.9% and 7.9%, respectively; see
Figure 7-10), suggesting that the intertidal zanfethese estuaries are high energy environments,
which may result irZ. marinabeing eroded or buried. Additionally, high tidairrents and

shifting sands were commonly observed at the moluitestucca during peak flood and ebb
tides (see Section 8.2.5). Salinity may also berdributing factor limitingZ. marinain these
estuaries as discussed in Section 7.2.2.

6.2.3 Bathymetric Distribution of Zostera marina

A comparison of elevations predicted by the bathyimenodel for Yaquina estuary with those
obtained from an independent total station sunfeylarge embayment there (Idaho Flat) is
presented in Figure 6-4. This comparison indicttasthere is agreement between the
measured and modeled elevations to within abouft0.Specifically, for the 16points within
the depth interval -3.0 ft to +3.0 ft, the mediatue for the difference between the survey and
model elevations is -0.32, indicating that, on average, the actual substetevations in this
interval may be approximately 0.3 ft (0.1 m) lowlan the model elevations.

Bathymetric data collected by Professor Chris Gogr at Oregon State University for Alsea
Estuary (2002) and by the USACE for Tillamook Esgud 995) similarly were used to obtain
bathymetric models for these estuaries. The repudtsented in Figures 6-6 to 6-8 indicate
similar bathymetric distributions for intertidaladlow subtidalz. marinain these three PNW
estuaries. The aerial percentageZ.aharinaoccurring between specific depth intervals around
MLLW are summarized in Table 6-4. Again, the p@pwn included in this study 5. marina

that is visible from the surface at low tide (MLLWalling within the approximate depth range:
-6 ft (-1.8 m) to +6 ft (+1.8 m).
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Table 6-3. Estimates @. marinaarea in the target estuaries from the aerial/ofase surveys.
The “Total Area oZ. marind is the total area o. marinadetected in the aerial/on-surface
surveys in the intertidal and shallow subtidal are@he “Area oZ. marina within Probabilistic
Frame” is the area &. marinafound within the intertidal probabilistic framehwh does not
include the shallow subtidal area sampled by thlgghotographs. The “% Coveragesf
marinawithin Probabilistic Frame” is the percent coverajZ. marinarelative to the area of
the probabilistic frame. A similar metric cannet ¢alculated for the entire aerial frame since
the exact area sampled by the photographs is unkndWwe areas &f. marinain the Nestucca
and Salmon River estuaries were determined by daeaimapping rather than aerial

photography.

TOTAL AREA OF AREA OFZ. MARINA | % COVERAGE OF
Z. MARINAIN WITHIN Z. MARINA
AERIAL/ ON- PROBABILISTIC WITHIN
SURFACE SURVEY FRAME (krT12) PROBABILISTIC
ESTUARY (km?) FRAME
Alsea 0.026 0.005 0.09
Coos 2.141 1.238 4.66
Nestucca 0.004 0.0 0.00
Salmon 0.004 0.0003 0.07
Tillamook 3.27 2.38 11.46
Umpqua 0.338 0.095 1.33
Yaquina 0.809 0.635 9.91
6
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Figure 6-4. Comparison of substrate elevationsfacbathymetric model and independent total

station survey measurements within Yaquina estuary.
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Figure 6-6. The percentage distribution of int&tiand shallow subtid@. marinahabitat area
classified from aerial photography that occursne oot intervals predicted by the bathymetric
model for Yaquina Estuary (-6 ft to +6 ft).
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Figure 6-7. The percentage distribution of inti&tiand shallow subtidal. marinahabitat area
classified from aerial photography that occursne oot intervals predicted by the bathymetric
model for Alsea Estuary (-6 ft to +6 ft).
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Figure 6-8. The percentage distribution of int&tiand shallow subtid@. marinahabitat area
classified from aerial photography that occursne oot intervals predicted by the bathymetric
model for Tillamook Estuary (-6 ft to +6 ft).

Table 6-4. Cumulative percent areaZoimarinawithin four depth intervals relative to MLLW
in three PNW estuaries.

DEPTH INTERVAL (ft)
ESTUARY -1'to +1” -2 t0 +2’ -3'to +3’ -6’ to +6’
Yaquina 76.6 86.0 91.4 97.7
Alsea 65.9 80.3 88.8 96.8
Tillamook 73.6 88.9 95.5 99.0

As shown in Table 6-4, approximately 90 percerthefintertidal and shallow subtidal marina
classified from the orthophotography images ocalwihin the depth range -3.0 ft to +3.0 ft (-
0.9 m to +0.9 m) around the MLLW datum. In compan, Borde et al. (2003) reported that the
upper limit of theZ. marinameadows observed in Coos Bay during summer 1999 wa
approximately +0.8 m (MLLW), in good agreement watlr results. Corresponding
observations for the maximum depths range fromn®id -1.5 m (median: -0.85 m; Thom et
al., 2003), compared to our approximate lower Iwaiue of -0.9 m. Further, these authors
reported maximum depths ranging from -0.4 m to Al.@nedian: -0.80 m) in Willapa Bay, WA
(for location see Figure 2-2), again consistenbwiir findings. In a subsequent study, Thom et
al. (2008) reported th&@. marinashoot densities decreased to zero below -1.5Goos Bay

and Willapa Bay.
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Orth and Moore (1988) concluded from their studmel®wer Chesapeake Bay that both
optimum and maximum depths for this species cay eamsiderably within a particular region,
depending upon water clarity. The same observatesmade for the maximum depthzof
marinaat numerous locations throughout the seven tagjaaries surveyed in this study
(Chapter 8). In general, deepest limits occurreal the mouths of the estuaries where the
clearest water usually is found. The median oftlaximum depth readings, relative to MLLW,
for each estuary ranged from -1.82 m (for Alseai&sf) to +0.21 m (for Coos Estuary), with an
overall median of -0.76 m. (For the Tillamook, Yatp, and Alsea estuaries alone, the overall
median was -1.19 m). Again, these findings areasonable agreement with the lower limit
value of -0.9 m we obtained for approximately 9€cpat of theZ. marinain our bathymetric
distributions for three of the seven target esasari

This comparison presented in Table 6-4 suggeststhau of estimating the suitability of
intertidal and shallow subtidal habitat #r marinaas a function of bottom depth in a given
estuary. The estimate, for a specified depthwalers calculated as the area in whithmarina
occurs divided by the total area of the targetastwithin that depth interval. These “frequency
of occurrence” values obtained for one-foot (0.3d@pth intervals around MLLW between -6 ft
and +6 ft are illustrated in Figure 6-9.
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Figure 6-9. Frequency of occurrence valueZtanarinawithin one-foot depth intervals around
MLLW in Yaquina, Alsea, and Tillamook estuaries {t& +6 ft).

Because the interval -3 ft (-0.9 m) to +3 ft (+1) contains approximately 90% of tAemarina
classified in the color-infrared aerial photomamsdach of these three estuaries, this zone is
termed the primary depth interval 6r marina The average (+ 1 standard error of the mean)
frequency of occurrence values obtained for thisrral in Yaquina, Alsea, and Tillamook
estuaries are 13.9 = 3.6%, 0.44 + 0.12%, and 1848%, respectively. The averages for

170



Yaquina and Tillamook estuaries are identical (148aj are higher than that for the Alsea
Estuary (0.44%) by about a factor of 30. Thesatinad values are consistent with those obtained
from the data presented in Table 6-3. Again, er8tudies are required to elucidate the causes
of differences in percent coverage valuesZAomarinaamong PNW estuaries.

6.2.4 Within-Estuary Distribution of Zostera marina

As discussed in Chapter 5, the seven target estuagre divided into riverine and oceanic
segments based on their primary nutrient sourCe® of the objectives of the aerial surveys as
well as the probabilistic surveys (Section 7.3.apW0 assess the distributionZofmarina
between these two estuarine segments. To addisspuestion, the percent of total area of
intertidalZ. marinahabitat classified from the aerial surveys (ofate mapping in the case of
the Nestucca and Salmon River estuaries) was apped within each segment, using both the
Total Aerial Frame and the Probabilistic Frame (€&b5).

Table 6-5. Relative distribution of the toialmarinahabitat area in the oceanic and riverine
segments of the estuaries based on the aerialysur&stimates are based both onZhenarina
detected within the entire area covered by theabsurveys and the portion of tAemarina
detected within the subset of the intertidal proligtic frame. NA = not applicable because no
Z. marinawas detected within the probabilistic frame.

% TOTAL Z. MARINAFROM AERIAL SURVEY
CALCULATED USING TOTAL CALCULATED USING

AERIAL FRAME PROBABILISTIC FRAME
ESTUARY OCEANIC RIVERINE OCEANIC RIVERINE
Alsea 79.6 20.4 98.8 1.2
Coos 96.2 3.8 96.6 3.4
Nestucca 100.0 0.0 NA NA
Salmon 87.3 12.6 99.6 0.4
Tillamook 99.8 0.2 99.7 0.3
Umpqua 52.8 47.2 88.5 11.5
Yaquina 98.5 15 99.7 0.3

A major implication of these results is that fdralthe target estuaries, the majority of the
intertidal and shallow subtidadl. marinaclassified from the aerial (or surface mappingyeys

is found in the oceanic segment. Generally, te&idutions between the oceanic and riverine
segments calculated using the aerial and probabilfames are similar, with the exception of
the Umpqua River Estuary. In this estuarine sysimmarinahabitat using the Total Aerial
Frame is evenly divided between the oceanic (52 &8d)riverine (47.2%) segments. However,
the percent-of-total value for the oceanic segméttte Umpqua using the Probabilistic Frame
(88.5%) is much higher. One possible explanatrilfe difference between the two
approaches is that there may be mis-classificatiah marinain the riverine segment. In
particular, two other seagrassgsjaponicaandRuppia maritimgwidgeon grass), that occur in
lower salinity areas are difficult to differentidtem Z. marinausing remote sensing.
Nonetheless, the presence of at least 53% and 108 of the totaZ. marinamapped from the
aerial surveys occurring within the oceanic segmeéetnonstrates the importance of this
segment to this species in the PNW.
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The distribution oZ. marinabetween the oceanic and riverine segments wasaoated

using the relative percent coverc&fmarinaas determined from the aerial photomapping
(Table 6-6). As discussed in Section 7.3, relativeer is defined as the percent of the area of
the oceanic segment or the riverine segment ocdupi€. marina. Calculation of relative

cover is limited to the probabilistic frame portiohthe aerial frame since the area sampled is
needed to calculate the percent cover value. Higlative cover values are assumed to indicate
a better habitat for a species given that it oczsipi greater percentage of the total habitat area.
Based on this assumption, the oceanic segmentitesta substantially better habitat for

Z. maring with relative cover 7-fold to almost 200-fold higy in the oceanic segments in the six
estuaries with detectabfe marinahabitat. These results are consistent with tlagive
distributions of the totaZ. marinapopulation(Table 6-5) and support the view that the lower
estuary is the prime habitat far marinain PNW estuaries.

Table 6-6. Percent coveragezofmarinawithin the oceanic and riverine segments of the
estuaries based on the aerial surveys. Estimegdsaged on the relative cover in the
probabilistic portion of the aerial survey franldA = not applicable because @omarinawas
detected within the probabilistic frame.

RELATIVE % COVER OFZ. MARINA
ESTUARY OCEANIC RIVERINE
Alsea 0.10 0.01
Coos 5.63 0.79
Nestucca NA NA
Salmon 0.08 0.002
Tillamook 15.28 0.08
Umpqua 2.86 0.26
Yaquina 12.03 0.18

6.3 Synthesis

Color infrared aerial photosurveys of the targétiases yielded orthophotographs that were
digitally classified intaZ. marinaand bare substrate classes. The classificatiens ehecked

via ground surveys using a stratified random samgpdiesign. Classical accuracy assessments
yielded individual accuracies of 83% or greatethvan overall median accuracy of 89%. This
provided intertidal and shallow subtidal marinadistributions within five target estuaries, while
two other estuaries were mapped via ground suvegause of the limited areal extentZof
marinahabitat. Comparison with bathymetric models foee estuaries showed that the one-
foot depth interval bracketing MLLW contained 66867t7% of the intertidaZ. maring and that
89% to 96% of the measuratdemarinaoccurred within the primary depth interval -3dt+#3 ft
(-0.9 m to +0.9 m). The ratio of the area occugngd. marinarelative to the total estuarine
area within this interval provided frequency of omence values representative of habitat
suitability that showed Alsea Estuary containedugimiower percentage coverof marinain

the primary depth interval than in Yaquina andarbok estuaries. A similar result was
obtained from probability-based ground surveysug@a for such differences presently are
unknown. However, the maps &f marinadistribution clearly indicated that a large majpof
intertidal and shallow subtid@l. marinaoccurred in the oceanic segments of the targeaeestu
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CHAPTER 7:

AMONG AND WITHIN ESTUARINE DISTRIBUTIONS OF SEAGRAS SES

AND ECOLOGICALLY IMPORTANT BENTHIC SPECIES IN PACI FIC
NORTHWEST ESTUARIES

Henry Lee I, David R. Young, Christina L. Folg@heryl A. Brown,
Janet O. Lamberson, Katharine M. Marko, and FaitiCéle

Key Findings

The areal extents oZ. marina, Z. japonica, benthic green macroalgae, two
burrowing shrimp (N. californiensis and U. pugettensis), and “bare” habitat in
the intertidal zone were estimated in the seven tget estuaries using
probabilistic field surveys.

All three tide-dominated estuaries had moderate textensive coverage of

Z. marina. In comparison,Z. marina was not found in three of the river-
dominated estuaries and there was only limited covage in the fourth.
Differences in median salinity and/or salinity varability among estuary classes
appear to be a major factor determining the extenbf Z. marina though
sediment movement/energy and high densities bf. californiensis may also be
contributing factors.

The nonindigenousZ. japonica occurred in six of the estuaries and the area
occupied exceeded that af. marina in four of them.

Blooms of green macroalgae in coastal PNW estuariappear to be a natural
process and not an indication of cultural eutrophiation.

Burrowing shrimp were a major component of the intetidal in all the estuaries,
though the species had different distributions amog estuaries.

A multivariate analysis on the benthic habitats graped the three tide-
dominated estuaries together along with the river-dminated Alsea Estuary.
The river-dominated Nestucca and Salmon formed a send group, while the
river-dominated Umpqua separated out from the otherestuaries.

7.0 Introduction

Probabilistic field surveys of the intertidal hattg were conducted in the seven target estuaries
with the objectives of: 1) assessing the amongaggtpatterns of distribution and abundance of

Zostera marina, Z. japonicédenthic macroalgae, and two burrowing shritdpotrypaea
californiensisandUpogebia pugettensend 2) determining the within-estuary distributain

each of these taxa especially in relationship éir tthistribution between the oceanic and riverine

segments within each estuary. An additional objeatvas to develop practical methods to
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guantify seagrasses, other biotic resources, anpeém@ronmental factors in regional-scale
surveys.

The first objective addresses the classificatioRNWW estuaries based on biotic structure,
providing information at finer spatial scale andhwa higher level of biotic resolution than the
wetland classifications conducted at a regiondesg@@hapter 2). The second objective
addresses one component of vulnerability, the paiezxposure of the five taxa to
anthropogenically derived nutrients. In particutle objective is to test the hypothesis that the
majority of theZ. marinaoccurs in the oceanic segment across a rangéferfesht types of PNW
estuaries. Probabilistic survey designs are wiiéd to addressing this objective as they
provide statistically unbiased estimates of thertidal area occupied by each of the taxa. The
distribution ofZ. marinawas also evaluated through aerial photographyg@h®), and each
technique has its own strengths and limitationiss beyond the scope of this document to
contrast the two approaches, and in the conteassdéssing vulnerability, the key question is
whether both approaches showed the same gendeinsanZ. marinadistributions

In addition to the tw&osteraspecies, benthic macroalgae and the two burroshmnignp are
ecologically important benthic species in PNW esésa affecting both the physical and
chemical structure of the benthic environment dnsdstructure of estuarine food webs (see
Section 1.5 and Table 1-1). Comparison of theiecage and/or abundance among estuaries
guantifies how these food web components vary hyaeg type. By determining their
distributions among the oceanic and riverine segsdine probabilistic surveys identify which

of these food web components are most likely texg@sed to terrestrially derived nutrients, and
hence be more vulnerable to nutrient enrichment.

7.1 Methods

7.1.1 Probabilistic Sampling Frame and Design

A probabilistic sample design, as utilized by theviEonmental Monitoring and Assessment
Program (EMAP), was used to generate statisticabyist estimates of the abundance and
distribution of seagrasses and other benthic ressurAn overview of the probabilistic sampling
approach used in previous coastal EMAP surveysiifdtnia, Oregon, and Washington can be
found in Nelson et al. (2005a, b). Additional distan the probabilistic approach to describing
the condition of ecological resources can be fanrdiaz-Ramos et al. (1996), Stevens (1997),
Stevens and Olsen (1999), and at http://www.epangeerl/arm.

The probabilistic field surveys used the same smgftame as the coastal EMAP survey of
intertidal wetlands conducted in 2002 (Nelson et26107). The estuarine intertidal sampling
frame was defined as all estuarine NWI polygonswee “regularly flooded”, which was
interpreted as being between Mean Lower Low Waiki (W) and Mean Higher High Water
(MHHW). NWI polygons labeled “irregularly exposediere interpreted as being below MLLW
while polygons labeled “irregularly flooded” wengterpreted as being above MHHW, neither of
which was included in the sampling frame. Thue,gampling frame did not include either the
shallow subtidal or emergent marshes. Areas o$dnepling frame and the post-sampling
division between the oceanic and riverine segmamsummarized in Table 7-1.

174



The Alsea, Nestucca, Yaquina and Salmon River getuaere sampled in 2004, with the Coos,
Umpqua River, and Tillamook estuaries sampled 0620 able 7-1). The field surveys were
completed during the index period of June througih &eptember, with the exception of 15
samples in the Tillamook that were taken in Decar20@5 because of tidal constraints. These
sites were resampled in August 2006, and the ugdatailts are used in the analysis. Nine
additional samples were taken in the Alsea Estua8eptember 2006 to sample a portion of the
original sample frame that was inadvertently orndittdleasures of water quality abdN stable
isotopes in macroalgae were collected synoptiaailily the probabilistic surveys as discussed in
Chapters 4 and 5.

A total of 100 random sites and a correspondinglrarof random replacement sites were
allocated to each of the seven estuaries. Intampt to have a sufficient number of samples in
both the oceanic and riverine segments, the estiauerea priori divided into sampling strata
(Figures 7-1 to 7-7) with a designated number offgas allocated to each stratum (Table 7-1).
The four estuaries sampled in 2004 were dividedl twb sampling strata based on an initial
estimate of the demarcation between the oceaniciegiihe segments of the estuaries. In 2005
we modified our approach, and divided the Coodaifibok, and Umpqua estuaries into a
greater number of sampling strata based on salilistyibutions. Sites that were found to be
located in inappropriate habitat (e.g., marsh, yaaleas) or were inaccessible were relocated
within 30 m of the original location site using @focol developed for the EMAP wetland
survey (Lamberson and Nelson, 2002). If it wals bt possible to obtain a sample, the site was
abandoned and the first replacement site withirstlee sampling stratum was chosen.

7.1.2 Data Analysis

Data from the probabilistic surveys were primaahalyzed using cumulative distribution
functions (CDFs). Coastal EMAP studies have use&<to evaluate local and regional
patterns of coastal resources (e.g., Summers, &98I3; Strobel et al., 1995; Hyland et al., 1996;
Nelson et al., 2005a, b). Details on the methodsdlculating CDFs and the 95% confidence
intervals can be found in Diaz-Ramos et al. (19®)efly, CDFs describe the percentage of the
area of the sampling frame across the full rangé@indicator values (e.g., percent cover,
burrow hole counts) based on the cumulation oftteghted samples. The sample weight of
each sample was determined by the area of theistrditvided by the number of samples taken
within stratum. The CDFs were generated for eadlet estuary over the entire sampling frame
(i.e., intertidal area of the estuary). The CDRsevalso generated independently for each
oceanic and riverine segment within an estuarydasdehe areas determined to fall into these
segments after the zonation of the estuaries (Eh&pt Since the demarcation line for the
oceanic and riverine segments transected some afrifiinal sample strata, the sample weights
were recalculated based on these new strata ardasmample numbers.

7.1.3 Field Methods

Seagrass, macroalgae, and burrowing shrimp presertabundance were estimated using two
guadrat sizes (Figure 7-8). Visual estimates weaade in large quadrats (2.5 m on a side or 6.25
m?). A length of braided cord ten meters long withrkers every 2.5 m was used to lay out the
2.5 m x 2.5 m sampling plot. Polyvinyl chlorideM®) stakes were used to secure the four
corners and to define the site boundaries. Theepiee/absence @f maring Z. japonica
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Figure 7-1. Locations of the probabilistic samglsirata and th&. marinalower limit surveys
(Chapter 8) in the Alsea Estuary. There were teempling strata in the Alsea, with the third
stratum sampled in 2006 indicated by the hatched.aAdditional lower limit points sampled in
2006 are not indicated in the figure. The locatiamereZ. marinawas detected by aerial
photography are indicated in green. Also see Eigufl in Appendix A for a map of the

Z. marinadistribution based on the aerial surveys.
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Figure 7-2. Locations of the probabilistic samglstrata and th&. marinalower limit surveys
(Chapter 8) in the Coos Estuary. There were farag@ing strata in the Coos. The locations
whereZ. marinawas detected by aerial photography are indicatepieen. Also see Figure A-2
in Appendix A for a map of th&. marinadistribution based on the aerial surveys.
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Figure 7-3. Locations of the probabilistic samglsirata and th&. marinalower limit surveys
(Chapter 8) in the Nestucca Estuary. There weoestwmpling strata in the Nestucca. The
locations wher&. marinawas detected by the on-ground survey are coveyéldeblower limit
symbols and the reader is referred to Figure A-8ppendix A for a map of th&. marina
distribution based on the aerial surveys.
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Figure 7-4. Locations of the probabilistic samglsirata and th&. marinalower limit surveys
(Chapter 8) in the Salmon River Estuary. Theresvt&io sampling strata in the Salmon. The
locations wher&. marinawas detected by the on-ground survey are obsdyrdége lower limit

symbols and the reader is referred to Figure A-Appendix A for a map of th&. marina
distribution based on the aerial surveys.
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Figure 7-5. Locations of the probabilistic samglsirata and th&. marinalower limit surveys
(Chapter 8) in the Tillamook Estuary. There wave §ampling strata in the Tillamook. The
locations wher&. marinawas detected by aerial photography are indicatepiéen. Also see
Figure A-5 in Appendix A for a map of tiZe marinadistribution based on the aerial surveys.
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Figure 7-6. The locations of the probabilistic ding strata and th&. marinalower limit
surveys (Chapter 8) in the Umpqua River Estuanyer& were five sampling strata in the
Umpqgua. The locations where marinawas detected by aerial photography are indicated i
green. Also see Figure A-6 in Appendix A for a nopheZ. marinadistribution based on the
aerial surveys.
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Figure 7-7. The locations of the probabilistic ding strata and th&. marinalower limit
surveys (Chapter 8) in the Yaquina Estuary. Theree two sampling strata in the Yaquina.
The locations wherg. marinawas detected by the aerial photograph are indidatgreen.
Also see Figure A-7 in Appendix A for a map of themarinadistribution based on the aerial
surveys.
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benthic macroalgae, burrowing shrimp, and otheicatdrs of biological activity were visually
estimated in each of these large quadrats. In 266832006, the percent cover of both seagrass
species in the large quadrats was assigned tofdive @over classes (0%, 1-10%, 10-40%, 40-
70%, and >70%). Two smaller 0.25 gquadrats were then placed within the larger 2%xm

plot site, with one quadrat designated for perpdamt cover and the other for burrowing shrimp.
The plant quadrat was placed in the center of dingpéing plot to avoid placement bias. The
following measurements were taken within the ptarddrat: 1) percent plant cover of both
seagrasses and macroalgae; 2) number of vegetapreductive and seedling shad$ leaf
measurements on five vegetative shoots; 4) maabatdgume. The shrimp quadrat was placed
in an area within the 2.5 m2.5 m plot with less macroalgae or seagrassaaick cover

would not obscure burrow holes.

We found that the design of the field sheets wdiEalto having the field crews accurately
collect the pertinent habitat information from qretd. To assist in future investigations, the
current version of the field sheets is reproduceigure 7-9. Additional details on the field
methods follow.

Point-intercept estimate of plant covelPoint intercepts within the 0.25 plant quadrat were

used to estimate the cover of the two seagrasskBenthic macroalgae. The point-intercept
estimate was based on the number of macroalgaseauass occurrences under 25 intercepts of
two sets of equally spaced five strings on thetpdaiadrat. The percent cover of seagrass and
macroalgae were measured independently in threerdiions (i.e., captured occurrence of plants
overlaid by other plants), thus the sum could edce0%.

Number of seagrass shoetéll Z. marinashoots were counted within the 0.25 pfant quadrat
in 2004-2006. Due to the potentially high numbieZ gjaponicashoots present in a 0.25 m
area, the number @&. japonicashoots was only approximated in the plant quadna2904. In
2005 and 2006, the numberafjaponicashoots was counted in a 0.0 cell within the plant
guadrat. FOEZ. maring vegetative and reproductive shoots were coumeejpendently and a
determination was made as to whether it was anammyperennial form by the presence or
absence of rhizomes.

Leaf measurementd_eaf measurements were taken on five haphazahdigen shoots of both
seagrass species within each plant quadrat wheemreLeaf measurements consisted of the
length of the longest blade to the nearest 1 crthnof the same leaf at the widest point, and
number of leaves per shoot. Where fewer thanviegetative shoots were present within a
quadrat, the measurements were collected fromegktative shoots present in the quadrat.

Macroalgal volume Macroalgal volume was measured by removinghaldlgae from the
0.25 nf plant quadrat, and measuring the volume of algaegwa four-liter volumetric cylinder
following the method of Robbins and Boese (200@acroalgal volume was measured to the
nearest 100 ml after macroalgae were compressed aglunger to a point where interstitial
water had been removed. A volume of 50 ml (hafdetection limit) was used when
macroalgae was present but not in sufficient qtyatdibe measured in the four-liter cylinder.
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Table 7-1. Sampling design for the probabilistic field surveys and areaspbthabilistic frames. Estuarine intertidal area is the
sum of the NWI “regularly flooded” estuarine polygons, which is approxisn&tem MLLW to MHHW. The Probabilistic Frame is
the actual area that was sampled. The areas of the oceanic and rivergsediranihe areas within the oceanic versus riverine
segments (Chapter 5) that resulted from the post-survey division of theesstudre samples taken in 2006 in the Alsea and

Tillamook are included in the analysis.

NWI PROBABILISTIC FRAME NUMBER OF SAMPLES
ESTUARINE
REGULARLY NUMBER
FLOODED | TOTAL | OCEANIC | RIVERINE OF
AREA AREA FRAME FRAME | SAMPLING OCEANIC | RIVERINE | YEARS
ESTUARY (k) (k) (km?) (k) STRATA TOTAL FRAME FRAME | SAMPLED
Alsea 6.97 5.20 4.77 0.44 3 109 50 59 2004/2006
Coos 26.96 26.56 21.25 5.31 5 101 86 15 2005
Nestucca 2.59 2.01 1.95 0.06 2 101 99 2 2004
Salmon 1.56 0.45 0.37 0.07 2 100 52 48 2004
Tillamook 24.6 24.38 14.50 9.88 5 97 56 41 200862(
Umpgua 7.45 7.16 2.95 4.22 5 99 55 44 2005
Yaquina 7.87 6.40 5.26 1.15 2 100 48 52 2004
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Figure 7-8. Diagram of the intertidal samplingedayout with the 2.5 x 2.5 m quadrat and the
0.25 nf plant and shrimp quadrats used in the probalailstiveys. PSA = Sample for particle
size analysis. TOC = sample for total organic carb
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SITE #:
DATE: TIME (PDT_): Northing:
(Current Time)
WEATHER: CREW: Easting:
2.5 X 2.5 Meter Quadrat
Percent Cover | Zostera Absent (0%) Very Sparse (1-10%) Sparse (10-40%)
(from look up list) | marina Moderate (40-70%) Dense (70-100%)
Zostera (0%) (1-10%) (10-40%) Green (0%) (1-10%) (10-40%)
Japonica (40-70%)  (70-100%) Macroalgae (40-70%)  (70-100%)
ROthterd ©%)  (1-10%)  (10-40%) Other ©%)  (1-10%)  (10-40%)
oote
Plants (40-70%) (70-100%) Algae (40-70%) (70-100%)
Type Type
Debris Type Sediment Characteristics
Black Tan/Brown Gray light/'white  Olive-green
Color:
Red mottled  other
Firmness** VS S/L F/MD H/VD
**Sed. Firmness Classes: VS = very soft, S/L = soft/loose F/MD = firm/ med
Density, H/VD = Hard/very dense
gztii:lent No Odor Hydrogen sulfide Petroleum lodine NR
Marsh  Rip-rap  Houses Road Dunes Levee Agriculture
Shoreline
Classes: Embankment  Forest Other
Notes
Indicators of Unvegetated sediment Brown Diat.oms Macroalgae
. . Worms Burrowing Shrimp Clams
Biological ,
Activity: Mounds Seagrass Dead Shellfish
y: Amphipods Other
If Longer than 1 m:
Wave Frequency |Crests/1m Distance between
Crests
Sediment Temp. (C) Sediment Cores Circle when collected:
TOC/PSA Salinity
NOTES:

Figure 7-9a. Front of the field sheet used to m@estimates of habitat characteristics and
burrowing shrimp hole counts within the 2.5 x 2.moadrat.
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SITE #:

Quadrat #2 Plants

Point Intercept Seagrass Shoot Counts Zm or Zj
Zm Open Type # of shoots
Vegetative
Zj Other Algae: Reproductive
Seedlings
GM Other Plant: Perennial
Count marked cell only

Dominant Algae Volume (ml):

Ulva
Enteromorpha Quadrat #3 Burrowing Shrimp
Other
Z. marina Blade Measurements
Hole Counts
Length of Width of
Shoot longest longest No. leaves |Neo :

Blade (cm) [ Blade (mm) per shoot JUpo:

% wi/o algae in shrimp quad

4 QA Neo :
5 QA Upo:
NOTES:

Figure 7-9b. Back of the field sheet used to régant cover, point intercepts, shoot counts,
and blade widths in the 0.25mplant quadrat and burrowing shrimp hole counth&0.25
shrimp quadrat.
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Burrowing shrimp abundanceThe number of burrow holes b californiensisandU.
pugettensisvere each counted within the shrimp quadMacroalgae cover was recorded
within the shrimp quadrat as a possible corredagator for obscured burrow holes. At every
tenth site, the number of shrimp burrow holes wasted by a second crew member as a
guality assurance check.

Habitat measures Sediment samples for grain size and total ogearbon and nitrogen
(TOC/N) analysis were collected within the largedrat (Figure 7-8). An 8-cm x 20-cm PVC
core was inserted into the sediment within thex22% m quadrat to obtain a sample for particle
size analysis (PSA). The top 10-cm of the sedinretite core was collected into a clean
resealable plastic bag. The sediment sample f@/NG@nalysis was collected in a 4-cm x 15-
cm core inserted into the sediment adjacent t&>®#& core and the top 5 cm were collected. A
sediment sample was collected for water contersicbgping the sediment surface into a 50-cc
centrifuge tube. All sediment samples were staretce immediately after collection and frozen
as soon as was practical.

Sediment particle size was determined using a Baok@oulter LS-100Q laser diffraction
particle size analyzer. The data are presentper@ent fines which is the sum of percent silt
and clay. The TOC/N samples were analyzed usiDgrio Erba EA 1108 elemental analyzer
according to manufacturer’s instructions as modif@ sediment. The surface sediment sample
collected in the centrifuge tube was centrifugeextract interstitial water, and salinity of the
supernatant water was measured with a bench-toptgaheter.

Sand ripples and waves were measured by layinger steck on the sediment surface. If sand
ripples were present, the number of wave crestsgaloe 1-meter distance was counted. If the
sand ripples were larger than a meter, the distaatweeen crests was measured using a 100-
meter transect tape. Data recorded in numberestEiper meter were converted to distance
between crests. Sand waves were only recorddwiBQ05 and 2006 field surveys. At each
sampling location, photographs were taken of thedcats, including the meter stick or transect
tape to document surface structure. In additiom type of shoreline development was visually
assessed, recorded, and photographed.

Integrated Measure of Presence/Absence (P/A) of 8r@¥roalgae, and burrowing shrimp and
bare habitéa — Several different techniques were combinedotaio an “integrated” measure of
the presence/absenceszfmarina, Z. japonicabenthic green macroalgae, burrowing shrimp,
and other plant species over a 2.5 x 2.5 m afeaad first determined if the taxon was recorded
as present in either the 0.25 quadrat or the 2.5 x 2.5 m quadrat. If the tawas not recorded

in either quadrat, then the field notes and thee#iotographs were evaluated for indications of
the presence of the taxon within the large quadrFae taxon was recorded as present if it was
observed in the site photograph. Use of the iategrP/A reduced any errors from
misclassifications in the field, and is used ashtst indicator of a species presence or absence.
“Bare habitat” was defined as any 2.5 x 2.5 m qgattirat did not contain arg. marina,

Z. japonica benthic green macroalgae, or burrowing shrimp.

188



7.1.4 Comparison of 0.25 fversus 2.5 x 2.5 m Quadrats

As part of this study, we evaluated the efficacysihg 0.25 rh(small) versus 2.5 x 2.5 m

(large) quadrats in estimating the distribution abdndance of seagrasses. The 0.25 m
guadrats are small enough to allow point-interespimates or counts of seagrass shoots. The
2.5 x 2.5 m quadrats have the advantages thattigeyame size as the minimum mapping unit
in the aerial photography and are of sufficienegiz “average out” small scale patchiness. Both
methods are valuable, but the results need totbgpireted in light of the differences in scale.

For all seven estuaries, estimates of the aregpaatibyZ. marinaandZ. japonicafrom the

point intercepts were lower than those from thgdaquadrats (Tables 7-3 and 7-4). The larger
guadrats appear to generate a more comprehensivatesof seagrass distribution because they
have a higher “capture” probability for relativedgarse species. Given this higher capture
probability, the large quadrats were judged thégored approach to estimating the area
occupied by the two seagrasses. While the quanétastimates of the density class from the
large quadrat are preferred over presence/abser@cpercent cover classes were only collected
in the large quadrats in 2005 and 2006. Accordgirtle integrated measure of presence/absence
in the 2.5 x 2.5 m quadrats was used as the primatitod of quantifying the intertidal area
occupied byZ. marinaandZ. japonica The point-intercept and shoot-count methods wsesl

in a supplemental fashion to estimate seagrasstgens

As discussed in Chapter 6, the aerial photograjpisyahdetection limit of approximately 10%
seagrass cover within a 2.5 x 2.5 m minimum mappimg Therefore, the most direct
comparison between the probabilistic and the asusaleys are the estimates of seagrass area
from the >10% density class from the large quadraégl in Tillamook, Coos, and the Umpqua.

7.2 Across-Estuary Patterns

7.2.1 Sediment Grain Size and TOC in the Target HEsaries

Two key sediment characteristics quantified weeegércent total organic carbon (TOC) and
grain size, which was summarized as percent fifiéee “muddiest” estuaries were the Yaquina
and Coos with 50% of the area having percent #3886 (Table 7-2, Figure 7-10). The
sandiest estuary was the Nestucca with median mefices of less than 2%. The Umpqua,
Salmon, Alsea, and Tillamook estuaries were intéliate with median percent fines ranging
from about 8% to 20%.

The median values for the percent total organibaaTOC) generally mirrored the results for
percent fines with Yaquina and Coos having the éstjmedian values and Nestucca the lowest
(Table 7-2, Figure 7-11). The National Coastal dibon Report 1l (U.S. EPA, 2004b) used
TOC values >5% as an indication of “poor” sedimeotdition and values between 2% and 5%
as an indication of “fair” condition. Only 2 out almost 700 stations across all the estuaries
exceeded 5% TOC, with a maximum value of 5.3% éGlos Estuary. All seven estuaries had
TOC values >2% and <5%, though most values wel@negr end of the “fair” range (<3%).

The highest coverages within this range occurradenyaquina and Coos, where 21% and 17%
of the intertidal sites were classified as “fanéspectively. Based on the minimal development
in the associated watersheds (Chapter 2) and ¢keofanajor point sources, these higher TOC
values do not appear to be the result of anthrapgodeading.
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Table 7-2. Sediment characteristics of the target estuaries fronottabpistic surveys. Median values based on the areal extent of
the parameter in the intertidal. The 75th percentile was used for distaweemhevave crests because all the median values were 0.
Total organic carbon (TOC) values between 2% and 5% are classified as'tae’National Coastal Condition Report 1l (U.S. EPA

2004b) while values >5% are classified as “poor”.

75th
PERCENTILE OF

DISTANCE MEDIAN
% OF AREA % OF AREA BETWEEN SEDIMENT

MEDIAN MEDIAN WITH WITH MEDIAN | WAVE CRESTS SALINITY

ESTUARY % FINES % TOC 2%< TOC <5 % TOC >5% % N (cm) (psu)

Alsea 12.1 0.69 2.5 0 0.06 NA 28.0
Coos 30.7 0.90 17.0 <1 0.07 <1 29.7
Nestucca 1.9 0.16 7.1 0 0.02 NA 29.6
Salmon 7.9 0.34 7.3 <1 0.07 NA 32.0
Tillamook 12.4 0.41 2.6 0 0.04 12 25.1
Umpqua 19.7 0.51 9.6 0 0.05 14 19.4
Yaquina 37.9 1.30 21.4 0 0.10 NA 31.2
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Figure 7-10. Cumulative distribution function (CDF) of the percent fines in théidiaiezone of the seven target estuaries. The nine
samples taken in the Alsea in September, 2006 are not included.
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7.2.2 Among-Estuary Distribution of Zostera marina

Tillamook had the greatest areal extenZofmaring occurring over 34% of the intertidal zone
(Table 7-3), while the Coos and Yaquina had cowesarf about 12-17%. In contrast, the
Umpgua had only about 6% coverage and nmarinawas found in the probability surveys in
the Alsea, Salmon, or Nestucca estuaries. Thdugprobability surveys did not detect

Z. marinain these estuaries, the aerial photography detescteall amounts of. marinain the
Alsea and on-ground mapping found small beds irSédenon and Nestucca (see Table 6-3). As
with any sampling method, the probabilistic surbiag a detection limit and even a survey of
100 sites per estuary can fail to detect seagragiiefigh confidence at low densities (e.qg.,
Bailey et al., 1998)While the probabilistic surveys failed to detdwtste small amounts of
seagrass, the surveys were qualitatively correclassifying these estuaries as having low
coverage.

The relatively wide expanses of seagrass foundlianiook, Coos, and Yaquina as well as the
large expanses reported in Willapa Bay and Graybatde.g., Wyllie-Echeverria and
Ackerman, 2003) suggest that moderate to largediseinated estuaries contain proportionally
large areas of suitable habitat ®armarina. In comparison, river-dominated estuaries have
substantially lesg. marinahabitat. Only small beds occur in the Alsea, Nest, and Salmon
estuaries, while the Umpqua only contains one-4ioatine-sixth the percent cover compared to
the tide-dominated estuaries (Table 7-3). Esteasine alone does not explain this pattern, as
the Umpqua and Alsea are roughly comparable inteitiee Coos and Yaquina, respectively.
Additionally, the Netarts Estuary, which is smallean either the Yaquina or Alsea, has
extensive seagrass coverage (Kentula and Mcli@&6; Wyllie-Echeverria and Ackerman,
2003).

The occurrence of this pattern is supported bydiepercent cover of NWI aquatic beds in the
river-dominated estuaries. The average percergraNWI “aquatic beds” classes in the 22
river-dominated estuaries was 1.8% compared td21n3he 6 tide-dominated estuaries (see
Table 2-3). Limiting this comparison to estuarid® knt, the percentages were 6.1% versus
25.7% in river- and tide-dominated estuaries, retypaly. Though not as large a difference, the
same pattern was observed in the mid-1970’s suwf/&regon estuaries (Cortright et al., 1987).

In this study, the average percent cover for ssagrad seagrass/algae classes was 15.7% in the
three tidal estuaries compared to 7.8% in elewarsdominated estuaries. It appears, then, that
our definition of tide- and river-dominated estearhelps to separate estuaries that support more
extensiveZ. marinapopulations.

We hypothesize that the most important driversltieguin these among-estuary patterns are
differences in average salinity values and, perinap® importantly, differences in the temporal
variation in salinity. In Puget Sound, marinaappears to grow best at 20-32 psu (Phillips,
1984), and higher growth rates occurred at 30 pswared to 10 psu in experiments (Thom et
al., 2001, 2003). Additionally, diversions of frewater into estuaries have been associated with
declines in seagrass (Estevez, 2000), while Mortagual Ley (1993) found that increasing
salinity variation was associated with declineseagrass biomass in Florida. Coastal PNW
estuaries are subject to substantial seasonaitgalariations in response to the seasonal pattern
in precipitation, with winter salinities droppinglow 10 psu or even 5 psu over much of the area
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of many estuaries (e.g., OR Dept. State Lands, ;1B&avn, unpubl. data; Figure 2-11). In
particular, river-dominated estuaries appear t®ggpce greater seasonal variations than tide-
dominated systems (Figure 2-11; OR Dept. State $at@B5; Haertel and Osterberg, 1967).
These extreme seasonal fluctuations are well ittt in the Salmon River where differences in
summer and winter median salinities approach 20apsiwhere much of the estuary has a
salinity <5 psu during the winter (Figure 2-11jh the Umpqua, much of the estuary has a winter
salinity <10 psu (Figure 2-11). In addition tostisieasonal variability, dry season salinity near
the mouths of PNW estuaries can vary 10-25 psu aveial cycle (Figures 4-9 and 4-10). The
extent of this tidal variation is related to themalized river inflow (Figure 4-11), with the
river-dominated systems demonstrating about a 20tfold greater variation in high and low
tide salinities than the tide-dominated estuariBise extensive tidal variation within the Alsea
(Figure 4-10) may contribute to the paucity of saag in that system even though seasonal
fluctuations are not as great as in the Salmonmpgla estuaries. At the opposite extreme, the
occurrence of extensive seagrass beds in Netayt¢kgmtula and Mclintire, 1986), which is
characterized by minimal seasonality in salinitig(ffe 2-11), is consistent with the hypothesis
that salinity variations limit seagrass abundamwk d@istribution.

A different and potentially complementary mechanrsehucingZ. marinain river-dominated
systems is the greater current energy and seditmagrsport in these high flow systems, as
suggested in Section 6.2.2. Yet another possané&ibuting factor may be the presence of the
burrowing shrimgN. californiensis.N. californiensiscan inhibitZ. marina(Dumbauld and
Wyllie-Echeverria, 2003), and its extensive coveragboth the Salmon and Nestucca estuaries
(Figure 7-19) may make it more difficult f@r marinato become established. While these
suggestions need to be evaluated further, sevetapendent data sets indicate that river-
dominated systems within the PNW have redugecharinacover compared to tide-dominated
and bar-built estuaries.

7.2.3 Among-Estuary Distribution of Zostera japonica

The regional distribution of the nonindigendigaponicadiffered from the native seagrass in
several respect«. japonicawas found in six of the target estuaries in thabpbility surveys,
including the Salmon and Nestucca (Table 7-4). diilg target estuary whei japonicawas
not found was the Alsea, and we are unaware ofgmyrts of this species in the Alsea. In
contrast taZ. maring Z. japonicaoccupied moderately large areas in both tide-datath
estuaries, such as the Coos, and the river-dondinditgoqua. Besides these six estuaries,

Z. japonicahas been reported in a wide range of PNW estiargtuding the river-dominated
Columbia, Siletz, Necanicum, and Coquille estuaties tide-dominated Willapa and Grays
Harbor estuaries; and the bar-built Humboldt anthNe (Lee and Reusser, 2006). In the
probabilistic surveys, the intertidal extentffjaponicaactually exceeded that gf marinain

the Salmon, Nestucca, Coos, and Umpqua estudi@gerage oZ. japonicain these four
estuaries ranged from 4% to 23% compared to 092%6 fbrZ. marinabased on the integrated
measure of presence/absence (Tables 7-3 and Thiy.comparison is only for the intertidal
populations, and inclusion of the shallow subtidamarinacould result in more similar
percentages among the two species sthgaponicais rare or absent in the shallow subtidal in
these estuaries.
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Table 7-3. Percent of intertidal area withmarinaestimated using different methods. Estimates for presence/absenca{@jrate
several types of data over the 2.5 x 2.5 m quadrat (see Section 7.1.3). EstimatagéoQtiadrat” are the percent of the intertidal
area with >1% cover or >10% cover within the 2.5 x 2.5 m quadrats. Estimates from thetpaiapts are the areas where there was
at least one intercept with marinain the 0.25 mplant quadrats. NA = not available.

# SITES WITH| % INTERTIDAL | % INTERTIDAL AREA | % INTERTIDAL AREA

Z. MARINA AREA LARGE QUADRAT LARGE QUADRAT | % INTERTIDAL AREA
ESTUARY P/A P/A COVER >1% COVER >10% POINT INTERCEPT >0
Alsea 0 0 NA NA 0
Coos 12 11.7 10.4 2.4 14
Nestucca 0 0 NA NA 0
Salmon 0 0 NA NA 0
Tillamook 28 34.2 34.2 15.6 18.6
Umpqua 8 55 55 0.5 0.5
Yaquina 11 17.4 NA NA 12.2

Table 7-4. Percent of intertidal area withjaponicaestimated using different methods. Estimates for presence/abseXce (P/
integrate several types of data over the 2.5 x 2.5 m quadrat (see Section 7.In®te&&bdr “Large Quadrat” are the percent of the
intertidal area with >1% cover or >10% cover measured within 2.5 x 2.5 m quadratsat&stirom the point intercepts are the
percent intertidal areas where there was at least one intercept yaponicain the 0.25 mplant quadrats. NA = not available.

# SITES WITH| % INTERTIDAL | % INTERTIDAL AREA | % INTERTIDAL AREA

Z. JAPONICA AREA LARGE QUADRAT LARGE QUADRAT % INTERTIDAL AREA
ESTUARY FROM P/A P/A COVER >1% COVER >10% POINT INTERCEPT >0
Alsea 0 0 NA NA 0
Coos 17 194 194 10.0 12.3
Nestucca 19 23.4 NA NA 8.6
Salmon 3 3.6 NA NA 2.0
Tillamook 9 10.5 10.5 5.0 4.3
Umpqua 22 20.7 19.3 3.2 9.0
Yaquina 18 11.9 NA NA 7.5




Zostera japonicdas obtained these extensive within- and amonggstistributions within the
last 30 to 50 years since it was first recordedhenPacific Coast in 1957 and in Yaquina in 1976
(Harrison and Bigley, 1982; Bayer, 1996). FurtiZejaponicais continuing to rapidly expand

its distribution within portions of the Yaquina (Miog et al., 2008). While it is apparent that

Z. japonicais expanding, the ecological consequences okttpsnsion are not clear. Both the
native and nonindigenous seagrass species ocawmittad the same coastal PNW estuaries we
surveyed, but they are not presently competingiwitiese estuaries. Of the 138 occurrences of
seagrasses in the probabilistic surveys, onlyez ¢it.5%) contained both species. The low
overlap of the two species is due to their différatertidal distributions.Z. marinawas

primarily found in the shallow subtidal and loweteartidal zones, whil&. japonicatended to
colonize a band higher in the intertidal and, basedur observations, around freshwater
streamlets (also see Kaldy, 2006; Ruesink, 208®)wever, aZ. japonicacontinues to expand,

it is possible that the two species will overlapezorted for areas in Puget Sound and British
Columbia (Nomme and Harrison, 1991) and in Net@tgloit, 2006), and then potentially
compete for space and light (Wonham, 2003; Bando6® Additionally, aZ. japonica

expands it could eventually become sufficientlyradant to have an effect on primary
production and other components of estuarine foelblswe.g., Posey, 1988; Wonham, 2003;
Ruesink et al., 2006; Kaldy, 2006).

7.2.4 Composition and Seasonality of Benthic Greévlacroalgae

Determining benthic green macroalgal distributiod abundance presents two additional
challenges compared to the seagrasses. Thesfitsitigreen macroalgae are composed of
several species. In the Yaquina Estuary in 208dtHic green macroalgae was found to be
comprised on average of taxa most closely resegbliva linza ~60%;U. fenestrata~30%;
U. flexuosa~10%;U. intestinalis < 5% (D. Young, unpubl. data). Given the diffigun
separating the species, all the green macroalgaeeated as a single taxon.

Another issue is the seasonality of the macrodifgeims, which could potentially confound
differences among estuaries if they are sampléiffatent times. To address macroalgae
seasonality, we utilized data from a 1999 survetheYaquina that quantified seasonal changes
to derive a seasonal adjustment for biomass. 888 survey measured percent cover and
biomass oZ. marinaand benthic green macroalgae monthly from Jurautiir December as a
function of distance from estuary mouth and el@ratibove MLLW at six sites within the lower
Yaquina Estuary (D. Young, unpubl. data). For #nalysis, we took the mean of the monthly
averages of both percent cover and biomass (graynsaight [gdw] n¥?) for all six sites. These
data illustrate the strong seasonality in macraalgaoth cover (Figure 7-12) and biomass
(Figure 7-13), which increase from June throught&aper and decline rapidly after October.
At its peak in September and October, the averam@aalgal dry weight exceeded 200 gdif m
and average surficial cover exceeded 50% at th@s@andom stations.

While aware of this seasonality, the extensivedtigieffort required in the probabilistic surveys
necessitated sampling from early June through ramesnber (Figure 7-14). The Yaquina
Estuary was sampled earliest in the growing seasgbite the Alsea Estuary was sampled during
September, the period of peak macroalgal biomagsir@7-14). 